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Expermental  Data  for  Development  of  Finite  Element  Models: 
Head/Thoraco-Abdomen/Pelvis 


Volume  111:  PELVIS 


CHAPTER  3 


EXPERIMENTAL  DATA  FOR  DEVELOPMENT  OF  FINITE  ELEMENT  MODELS  - PELVIS 
Contract  No.  DOT-NHTSA-C-HS-7-01636  UM  Acct.  No.  015651 

1.0  INTRODUCTION 

The  research  program,  Experimental  Data  for  Development  of  Finite 
Element  Models,  involved  data  gathering  on  the  kinematic  response  of 
three  human  cadaver  subsystems:  1)  the  pelvis,  2)  the  head,  and  3)  the 
thoraco-abdomen.  Each  impact  target  investigation  is  presented  as  a 
self-contained  chapter  in  this  final  report.  This  chapter  presents  the 
pelvis  series.  Chapter  1 presents  the  head  series,  and  Chapter  2 
presents  the  thoraco-abdomen  series. 

The  research  program  utilized  14  cadavers  in  68  dynamic  impact 
tests.  For  the  pelvis  subsystem  experiments,  10  subjects  received  a 
total  of  13  impacts;  for  the  head  series,  6 subjects  received  a total  of 
14  impacts;  and  for  the  thoraco-abdomen,  11  subjects  received  a total  of 
41  impacts. 

2.0  BACKGROUND 

Pelvic  injuries  of  varying  type  and  severity  have  been  found  to 
occur  in  a significant  number  of  automotive  accidents  [16-17,20,30,32]. 
Investigations  of  trauma  of  the  pelvis  resulting  from  impact  in  an 
automotive  environment  have  been  documented  primarily  through  accident 
investigation  methods.  There  have  only  been  a limited  number  of 
biomechanical  studies  attempting  to  research  pelvic  impact  trauma  under 
laboratory  conditions.  One  of  the  earliest  of  these  studies  was 
conducted  by  Evans  and  Lissner  in  1955  [11],  and  consisted  of  impacts  to 
the  denuded  pelvis  in  the  inferior-superior  direction.  Although  no 
fracture  tolerance  data  were  obtained,  it  was  concluded  from  this  study 
that  the  pelvis  exhibited  elastic  behavior  and  failed  due  to  tensile 
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stresses  in  various  structural  members.  Ten  years  later  a study  of  the 
behavior  of  the  knee-femur-pelvis  complex  in  an  automotive  impact 
environment  was  reported  by  Patrick,  et  al.  [26].  In  this  series  of 
tests,  an  impact  sled  was  used  to  apply  femoral-axis  impacts  to  the  knee 
of  embalmed  cadavers.  The  lowest  applied  load  found  to  cause  pelvic 
injury  was  7.1  kN,  and  loads  ranging  from  8.5  kN  to  17  kN  were  found  to 
cause  multiple  fractures  of  the  pelvis.  It  was  suggested  that  a maximum 
force  criterion  (of  about  6.2  kN)  should  be  the  threshold  level  for 
injury  of  the  patella/femur /pelvis  complex.  A similar  study  using 
unembalmed  cadavers  was  reported  by  Melvin  and  Nusholtz  in  1980  [22].  A 
single  pelvis  fracture  was  found  to  occur  at  an  applied  load  of  about  20 
kN,  however  loads  up  to  26  kN  were  applied  with  no  resulting  pelvis 
injury  [22]. 

A recent  biomechanical  study  of  pelvic  impact  in  an  automotive 
environment  was  documented  first  in  1979  [28]  and  more  completely  in 
1980  [7]  by  Cesari  and  Ramet.  The  goal  of  the  research  was  to  supply 
data  for  design  of  side  door  padding  by  impacting  cadavers  laterally  to 
the  pelvis  and  recording  the  force/injury  relationships  observed.  It 
was  suggested  from  this  study  that  the  pelvic  response  to  impact  is 
characterized  by  velocity  of  impact,  maximum  force,  and  force  impulse. 
Admissible  force  tolerance  for  females  was  documented  as  5-7  kN  (1100- 
1600  lb)  and  for  males  as  7-13  kN  (1600-2900  lb)  [7,28].  These  studies 
essentially  characterized  the  injury  tolerance  of  the  pelvis  using 
maximum  force  and  force  impulse  indicators. 

To  further  investigate  the  kinematic  and  injury  response  of  the 
pelvis  in  automotive  environment  impacts,  a series  of  tests  involving 
indirect  impacts  to  the  pelvis  has  been  conducted  by  the  Biomechanics 
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Department  at  UMTRI  [23].  The  tests  were  conducted  using  unembalmed 
cadavers  and  two  types  of  impact  facilities:  a linear  pendulum  impactor 

and  a pneumatic  impactor.  Indirect  loads  were  delivered  to  the 
acetabulum  of  the  pelvis  by  impacting  the  femur  either  axially  or 
laterally.  This  allowed  loads  to  be  delivered  to  the  acetabulum  in 
either  anterior-to-posterior  or  right-to-left  directions.  The  cadavers 
were  instrumented  to  measure  pelvic  triaxial  accelerations  in  all  tests, 
while  in  some  tests  three-dimensional  motion  of  the  pelvis  was  recorded 
with  nine  accelerometers.  Additionally,  triaxial  accelerations  of  the 
right  and  left  femurs  and  thoracic  vertebra  T8  were  measured. 
Photographic  targets  on  the  pelvis  and  femurs  were  used  for 
photokinemetric  analysis  of  motion  due  to  the  impact.  The  conclusions 
were : 

(1)  Complete  description  of  three-dimensional  motion  is  invaluable  to 
the  understanding  of  pelvic  response. 

(2)  The  complex  nature  of  the  response  of  the  femur /pelvis/soft  tissue 
system,  the  variability  of  subjects,  and  resulting  damage  patterns 
may  preclude  the  determination  of  a single  tolerance  criterion  such 
as  maximum  force  or  peak  acceleration  response. 

(3)  In  lateral  impacts,  energy-absorbing  and  load-distributing 
materials  are  effective  means  of  transmitting  greater  amounts  of 
energy  to  the  pelvis  without  ensuing  damage. 

(4)  The  nature  of  the  impactor /femur /pelvis  interaction,  as  well  as  the 
biometrics  of  the  population  at  large  are  critical  factors  in 
understanding  the  response  of  the  pelvis  to  impact  and  subsequent 
damage  patterns. 
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The  work  being  reported  in  this  document  is  a continuation  of  those 
experiments  which  investigated  the  results  of  indirect  impacts  to  the 
pelvis  summarized  above  [23],  Appendix  F is  the  earlier  research 
article  [23]. 

3.0  ANATOMICAL  CONSIDERATIONS 

The  bony  pelvis  (Figure  1)  consists  of  two  large,  flat,  irregularly 
shaped  hip  (innominate)  bones  that  join  one  another  at  the  pubic 
symphysis  on  the  anterior  midline.  Posteriorly,  the  wedge  shaped  sacrum 
completes  the  pelvic  ring  forming  a relatively  rigid  structure. 

In  the  adult,  each  hip  bone  is  formed  by  the  fusion  of  three 
separate  bones,  the  ilium,  ischium,  and  pubis,  which  join  at  the 
acetabulum.  The  ilium  forms  the  broad  upper  lateral  part  of  the  hip 
bone  and  the  upper  portion  of  the  acetabulum.  Its  upper  curved  edge  is 
the  iliac  crest.  The  prominence  on  this  crest  is  known  as  the  anterior- 
superior  iliac  spine.  Posteriorly,  the  crest  ends  in  the  posterior 
iliac  spine,  adjacent  to  its  articulation  with  the  sacrum,  the 
sacroiliac  joint.  The  ischium  forms  part  of  the  acetabulum  and  has  a 
superior  ramus  that  ends  below  in  the  ischial  tuberosity.  From  there 
the  inferior  ramus  ascends  to  join  with  the  inferior  ramus  of  the  pubic 
bone.  Together  this  bar  of  bone  is  frequently  referred  to  as  the 
ischio-pubic  ramus  or  inferior  pubic  ramus.  The  body  of  the  pubic  bone 
forms  the  anterior  part  of  the  acetabulum.  From  here  the  superior  pubic 
ramus  passes  to  the  midline  where  it  joins  its  fellow  of  the  opposite 
side  through  the  pubic  symphysis.  Beneath  the  superior  pubic  ramus,  the 
inferior  pubic  ramus  joins  the  inferior  ischial  ramus.  The  posterior- 
lateral  bony  pelvis  is  covered  by  multiple  muscle  layers,  buttock  fat 
and  skin.  The  iliac  crest  is  relatively  free  of  heavy  musculature.  The 
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A.  Pelvic  Anatomy 


Figure  1 


rounded  head  of  the  femur  articulates  with  the  acetabulum  and  is  held 
within  the  socket  by  ligaments.  On  the  lateral  upper  femur  is  the 
greater  trochanter,  a large  bony  prominence,  to  which  muscles  attach. 

4.0  GOAL  OF  PELVIC  SERIES  IMPACT  TESTING 

The  goal  of  the  pelvic  test  series  was  to  investigate  the 
relationship  between  selected  kinematic  parameters  and  resultant  tissue 
damage  caused  by  blunt  indirect  impact  to  the  pelvis  of  the  unembalmed 
human  cadaver^  as  a surrogate  model  for  living  humans.  The  kinematic 
parameters  selected  were  force/angular  and  translational  accelerations 
and  velocities.  A series  of  laboratory  techniques  precisely  defined  the 
selected  kinematic  and  injury  parameters.  The  impacting  surface  was 
padded  with  various  materials  to  produce  different  force-time  and  load 
distribution  characteristics.  High  speed  photokinemetrics  were  obtained 
using  standard  techniques.  Assessment  of  tissue  damage  was  obtained  by 
gross  autopsy  observations. 

Two  series  of  pelvic  impacts  were  conducted.  In  the  first  series, 

5 cadavers  were  subjected  to  an  indirect  lateral  pelvic  impact  delivered 
by  a 25  kg  mass  using  either  a linear  or  a pneumatic  ballistic  pendulum 
impactor.  An  additional  subject  received  duplicate  impacts.  The  right 
hip  was  impacted  8 cm  anterior  to  the  trochanterion  landmark.  This 
provided  indirect  loading  of  the  acetabulum  in  the  right-to-left 
direction.  Impact  force  and  triaxial  acceleration  at  three  points  on 
the  pelvis  were  recorded.  The  three  triaxial  accelerometer  clusters 
used  to  document  three-dimensional  motion  were  mounted  on  a magnesium 

^The  protocol  for  the  use  of  cadavers  in  this  study  was  approved  by  the 
University  of  Michigan  Medical  Center  and  followed  guidelines 
established  by  the  U.S.  Public  Health  Serivce  and  those  recommended  by 
the  National  Academy  of  Sciences,  National  Research  Council. 
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plate  rigidly  affixed  to  the  pelvis.  In  the  second  test  series,  4 
cadavers  were  subjected  to  a similar  indirect  lateral  pelvic  impact 
delivered  by  a 20  kg  mass  pneumatic  impactor.  Three  subjects  received  a 
single  impact,  while  another  received  triplicate  impacts.  Only  impact 
force  was  recorded  for  the  second  test  series. 

Impact  load  and  pelvic  acceleration  data  are  presented  in  this 
chapter  as  functions  of  both  time  and  frequency  in  the  form  of 
mechanical  impedance.  Injury  descriptions  based  on  gross  autopsy  are 
provided.  The  kinematic  response  of  the  pelvis  during  and  after  impact 
is  presented  to  indicate  the  similarities  and  differences  in  response  of 
the  pelvis  for  various  load  levels.  While  the  impact  response  data 
cannot  prescribe  a specific  tolerance  level  for  the  pelvis,  they  do 
indicate  variables  which  must  be  considered  and  some  potential  problems 
in  developing  an  accurate  injury  criterion. 
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5.0  METHODOLOGY : 


5.1  Methods  and  Procedures  of  Impact  Testing; 

5.11  Subjects  - 10  unembalmed  male  cadavers  were  tested.  The 
cadavers  were  obtained  by  UMTRI  from  the  University  of  Michigan 
Medical  School  Department  of  Anatomy.  Following  transfer  to 
UMTRI,  the  cadavers  were  stored  for  a short  time  at  4®  C until 
subsequent  use.  The  cadavers  were  sanitarily  prepared, 
anatomically  measured,  and  examined  radiologically  prior  to  the 
installation  of  accelerometer  hardware.  See  Table  1 for 
subject  biometrics. 

The  execution  and  coordination  of  the  testing  sequence  was 
guided  by  the  use  of  a detailed  protocol  which  is  included  in 
Appendix  B in  Chapter  2 [1-32].  The  testing  sequence  is 
outlined  below  and  additional  information  about  application  of 
specific  techniques  is  available  elsewhere  [1,15,21-24,31]. 

Six  groups  of  procedures  are  associated  with  the  impact 
testing-data  gathering-analysis  activities.  They  are:  1)  pre- 

test preparation,  2)  instrumentation  surgery,  3)  trial  test,  4) 
impact  testing,  5)  post-test  autopsy  and  injury  coding  in  DOT 
format,  and  6)  data  analysis  and  report. 

5.12  Pre-test  Preparation  - The  arrival  of  a test  subject 
cannot  be  predicted  more  than  a half  a day  in  advance. 
Generally,  preparation  for  a test  sequence  begins  the  day  a 
subject  is  received.  The  subject  requires  a day  and  a half  of 
preparation,  which  is  sufficient  time  to  set  up  the  impact  lab 
and  run  equipment  checks  which  include  a trial  test.  The  areas 
requiring  special  preparation  are  outlined  below. 
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able  1.  Biometric  Data 
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Morgue  - Cadaver  subjects  are  stored  there  at  4®C  in  coolers 


until  subsequent  use. 

Anatomy  Lab  - Sanitary  preparation,  anthropometry  [30-31],  and 
surgical  instrumentation  of  the  test  subject  is  done  in  the 
Anatomy  Lab.  All  tools,  materials,  and  instrumentation 
equipment  necessary  to  prepare  the  subject  are  constructed  or 
laid  out  in  advance.  Included  in  the  setup  are  surgical 
instruments,  measuring  equipment,  gauze  and  toweling, 
accelerometer  mounting  hardware,  support  harnesses  and  clothing 
for  the  cadaver  subjects. 

Radiology  Lab  - The  table  and  X-Ray  head  are  positioned  and  a 
sufficient  supply  of  film  is  loaded  into  the  X-ray  cassettes. 
Adequate  film  is  loaded  so  that  the  test  sequence  can  be 
completed  without  interruption.  Each  subject  is  X-rayed  here 
when  it  is  received  to  check  for  structural  integrity  and 
surgical  implants. 

Dark  Room  - Chemicals  are  mixed  for  X-Ray  developing.  Labels 
for  X-Rays  are  prepared.  Courier  forms  and  packaging  for  the 
16  mm  high-speed  films  are  readied. 

Physiology  Lab  - 16  mm  high-speed  films  are  chemically 
hyper sensitized  in  order  to  obtain  better  image  clarity  in  an 
oven  at  30-35®C  with  forming  gas  for  24  hours. 

Impact  Lab  - Test  facilities,  recording  equipment,  and 
accelerometers  must  be  assembled,  wired,  and  trial  tested.  In 
addition,  a portable  cart  containing  equipment  for 
instrumenting  the  subject  with  accelerometers  is  prepared. 
Impact  padding  and  support  materials  for  the  subject  are 
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assembled  near  the  impact  device.  The  high-speed  cameras  are 


readied.  All  electrical  equipment  is  connected  to  a power 
source. 

Impact  Lab  and  Instrumentation  Room  Electronics  - The  input/ 
output  voltage  characteristics  of  all  analog  tape  channels  are 
checked  by  calibration  at  predetermined  voltage  levels.  The 
tape  channel  calibrations  are  determined  when  the  test  pulses 
are  played  back  off  tape  through  a computer  routine. 

All  accelerometers  are  labeled  and  wired  through  a patch  panel 
into  the  Instrumentation  Room.  From  there,  the  signals  are 
passed  through  amplifiers  if  necessary  and  wired  to  their 
designated  channels  as  input  to  the  analog  tape  recorders. 
Amplifiers  are  adjusted  for  the  proper  gain.  Accelerometer 
excitation  voltages  are  set  on  the  amplifers,  and  their 
piezoresistive  nature  also  requires  that  balancing  be  perfor 
med.  Instrumentation  Room  wiring  cannot  be  completed  until  the 
timer  unit  and  the  devices  it  operates,  such  as  high-speed 
cameras,  lights,  and  ropecutters,  are  connected  and  set  for  the 
proper  control,  delay  and  run  times.  Final  wiring  is  completed 
in  the  Instrumentation  Room  and  the  impacting  device  is 
prepared  for  a trial  test. 

5.13  Surgery  - In  the  Anatomy  Lab  the  test  subject  is  surgically 
instrumented  with  the  required  test  hardware.  The  hardware  consists  of 
a pelvic  accelerometer  mount. 

Nine-Accelerometer  Pelvic  Plate  - The  nine-accelerometer  plate 
(Figure  2)  is  installed  in  the  following  manner.  Four  lag 
bolts  are  screwed  into  the  posterior-superior  iliac  spines. 
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within  the  dimensions  of  the  magnesium  plate  to  be  mounted. 
Quick  setting  dental  acrylic  is  molded  around  the  bolts  to  form 
a securing  medium,  and  the  accelerometer  plate  is  placed  into 
the  acrylic. 

5.14  Trial  Test  - To  insure  that  all  mechanical  and  electronic 
equipment  is  functioning  and  wired  appropriately  for  the  test  design, 
trial  tests  of  the  equipment  are  performed  on  the  day  before  the  test, 
allowing  sufficient  time  to  locate  and  correct  system  defects. 
Accelerometers,  amplifiers,  umbilical  cables,  and  recorders  are  tested 
by  suspending  a rubber  cyclinder  weighing  approximately  20  pounds  in 
front  of  the  designated  impactor  with  all  the  necessary  accelerometers 
taped  to  it.  A preliminary  check  of  the  accelerometers  and  amplifiers 
is  made  to  insure  proper  balancing  and  noise  levels.  The  striker  is 
then  manually  released  and  the  rubber  cylinder  impacted.  The  signals 
from  all  accelerometers  are  recorded  on  the  analog  tape  recorders.  All 
channels  are  played  back  immediately  on  the  brush  chart  recorder  for 
inspection  purposes.  The  striker  accelerometer  is  also  tested  in  this 
procedure.  The  timerbox,  cameras,  lights,  ropecutter  and  velocity  probe 
are  tested  individually.  Triaxial  clusters  are  then  labeled  for  their 
specific  point  of  attachment  to  the  subject  and  placed  in  protective 
sleeves. 


Three  classes  of  operations  take  place  before  and  during  impact 
that  are  necessary  for  the  documentation  of  the  impact  event; 
events  associated  with  recording  of  electromechanical 
accelerometer  output,  events  associated  with  photometries 
documentation,  and  events  associated  with  the  impacting  device. 
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Figure  2 

Nine-Accelerometer  Pelvic  Plate 
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Timing  - The  impact  test  event  sequence  is  initiated  by  an 


operator-controlled  manual  switch  and  is  thereafter  controlled 
by  signals  generated  by  a specially  constructed  timing  unit. 

The  synchronization  of  the  events  associated  with  these  signals 
is  such  that  the  lights  are  fully  illumniated  and  the  cameras 
are  powered  and  running  at  the  preset  speed  when  the  impact 
test  takes  place.  In  addition,  the  cameras  are  sequenced  such 
that  they  are  operational  for  the  minimum  amount  of  time.  This 
economizes  the  amount  of  effort  associated  with  photokinemetric 
documentation  (changing  film,  etc.)  and  allows  for  a smoother 
running  test  sequence. 

The  recording  equipment  must  be  at  operational  speed  before  the 
striker  is  released.  During  the  impact  event,  the  output  of 
the  piston  accelerometer  must  be  fit  into  a "corridor"  or 
window  so  that  the  pre-impact  acceleration  from  rest  and  the 
post-impact  acceleration  from  end-of -stroke  are  not  recorded. 
The  striker  must  be  released  so  that  impact  will  occur  within 
the  assigned  time  corridor.  A sychronizing  contact  strobe, 
which  places  simultaneous  electrical  and  photographic  signals 
on  the  analog  tape  and  high-speed  film,  must  occur  near  the 
beginning  of  impact. 

Equipment  - The  basic  test  equipment  includes  the  timing 
control  unit,  a signal  conditioning  device  for  the  force 
signal,  the  accelerometer  patch  panels,  the  accelerometers,  the 
impacting  device,  cameras,  the  photographic  lights,  and  the 
restraints  (hoists).  Each  piece  that  plays  a significant  role 
in  the  data  acquisition  is  described  below. 
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Linear  Pendulum  Impacts  — The  linear  pendulum  impact  device 


(Figure  3)  consisted  of  a free-falling  pendulum  as  an  energy 
source  which  struck  a 25  kg  impact  piston.  The  impactor, 
guided  by  a set  of  Thompson  linear  ball  bushings,  was  brought 
to  impact  velocity  prior  to  impact  and  traveled  up  to  25  cm 
before  being  arrested.  Axial  loads  were  measured  with  either  a 
load  cell  or  a Setra  model  111  accelerometer.  Impact 
conditions  between  tests  were  controlled  by  varying  impact 
velocity  and  the  type  and  depth  of  padding  on  the  impact  piston 
surface.  The  piston  excursion  and  the  distance  the  piston 
traveled  from  the  point  of  contact  to  the  point  of  arrest 
ranged  from  3 to  20  cm.  The  velocity  of  the  piston  was 
measured  by  timing  the  pulses  from  a magnetic  probe  which 
sensed  the  motion  of  targets  on  the  piston. 

For  the  first  series  tests  conducted  with  this  device,  the 
subject  was  placed  in  a restraint  harness  and  suspended  in  a 
seated  position.  Indirect  lateral  impacts  to  the  acetabulum 
were  delivered  by  impacting  the  trochanteric  region  of  the 
right  femur,  along  the  axis  of  the  neck  of  the  femur. 

Pneumatic  Ballistic  Pendulum  Impacts  - The  UMTRI  ballistic 
pendulum  impact  device  (Figure  4)  consisted  of  an  air 
reservoir,  a ground  and  honed  cylinder,  and  a carefully  fitted 
piston  mechanically  coupled  to  a ballistic  pendulum.  The 
piston,  propelled  by  compressed  air  through  the  cylinder  from 
the  air  reservoir  chamber,  served  to  accelerate  the  ballistic 
pendulum.  The  10-150  kg  mass  of  the  ballistic  pendulum  was  set 
at  25  kg  for  these  tests.  The  piston  was  arrested  at  the  end 
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Figure  3 


Linear  Pendulum  Impact  Device 
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of  its  travel,  allowing  the  ballistic  pendulum  to  become  a 


free-traveling  impactor.  The  ballistic  pendulum  was  fitted 
with  an  inertia-compensated  load  cell. 

For  the  first  series  tests  conducted  with  this  device,  the 
subject  was  placed  in  a restraint  harness  and  suspended  in  a 
seated  position  similar  to  the  linear  pendulum  impacts.  An 
indirect  lateral  impact  to  the  acetabulum  was  delivered  by 
impacting  the  right  hip  8 cm  anterior  to  the  trochanterion 
landmark,  along  the  axis  of  the  neck  of  the  femur. 

Pneumatic  Impacts  — The  cannon  pneumatic  impact  device  (Figure 
5)  consisted  of  an  air  reservoir  which  was  connected  to  a honed 
steel  cylinder.  A driver  piston  was  propelled  down  the 
cylinder  by  the  pressurized  air  in  the  reservoir.  The  driver 
piston  contacted  a striker  piston  affixed  with  a piezoelectric 
accelerometer  and  a piezoelectric  load  washer,  in  order  to 
determine  the  acceleration-compensated  contact  loads  applied  to 
the  test  subject.  The  mass,  velocity,  and  stroke  of  the 
striker  piston  could  be  varied  to  provide  the  desired  impact 
conditions  for  a particular  test.  For  the  second  series  tests 
conducted  with  this  device,  a 20  kg  mass  was  selected.  The 
velocity  of  the  impactor  was  measured  by  timing  the  pulses  from 
a magnetic  probe  which  sensed  the  motion  of  targets  on  the 
impactor . 

For  the  cannon  tests,  the  subject  was  suspended  by  a body 
harness  and  an  overhead  pulley  system  while  seated  on  blocks  of 
balsa  wood  upon  a mobile  table.  Impacts  were  delivered 
indirectly  to  the  pelvis  via  the  right  hip  as  described  above. 
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Cannon  Pneumatic  Impact  Device 


Data  Handling  - All  accelerometer  time-histories  (impact  force, 


impactor  acceleration,  nine  pelvic  accelerations)  were  recorded 
unfiltered  on  either  a Honeywell  7600  or  9600  FM  Tape  Recorder. 
All  data  was  recorded  at  30  ips.  The  analog  data  on  the  FM 
tapes  was  played  back  for  digitizing  through  the  appropriate 
anti-aliasing  analog  filters.  The  analog-to-digital  process 
for  all  data,  results  in  a digital  signal  sampled  at  6400  Hz 
equivalent  sampling  rate.  Raw  transducer  time-histories  were 
digitally  filtered  with  a Butterworth  filter  at  1650  Hz,  4th 
order . 

Acceleration  Measurement  — Accelerations  were  measured  in 
three  orthogonal  directions  at  three  sites  on  the  pelvis 
proximal  to  each  other  with  Endevco  2264-2000  piezoresistive 
accelerometers.  The  three  triaxial  accelerometer  clusters  were 
secured  to  a single  mounting  platform  on  the  pelvis.  The 
location  of  the  center  of  gravity  of  the  pelvis,  the  coordinate 
system  of  the  triaxial  clusters,  and  the  nine-accelerometer 
array  are  shown  in  Figure  6. 

Photokinemetrics  System  - The  motion  of  the  subject  was 
determined  from  high-speed  (1000  frames  per  second)  film  by 
following  the  motion  of  single-point  phototargets  on  the  pelvis 
and  impactor  piston.  For  selected  impacts,  a Hycam  camera 
operating  at  3000  frames  per  second  provided  a close-up  lateral 
view  of  the  pelvis.  A Photosonics  IB  camera  provided  an 
overall  lateral  view  at  1000  frames  per  second. 

Analytical  photogrammetry  was  used  in  these  experiments  to 
describe  the  geometry  of  anatomical  structures  and  their  motion 
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Figure  6 

Accelerometer  Coordinate  System 


in  the  laboratory  reference  frame.  The  objective  space 
coordinates  of  points  of  interest  were  obtained  once  the 
coordinates  of  well-defined  points  in  an  image  space  and  the 
calibration  translation  and  rotations  were  specified.  The 
points  in  an  image  space  were  obtained  with  photographic 
equipment  and  were  preserved  on  film. 

Motion  of  the  pelvis  in  space  was  obtained  by  measuring  the 
time-history  of  the  position  of  a photographic  target  which  had 
a well-defined  position  and  orientation,  relative  to  a 
predefined  anatomical  landmark.  Defined  descriptors  such  as 
position,  velocity,  and  acceleration  were  associated  with  rigid 
body  motion  in  object  space.  Once  these  motion  descriptors 
were  determined  and  digitized,  they  could  then  be  used  to 
characterize  the  dynamic  response  of  the  subject  under  study 
and  to  assist  in  understanding  injury  mechanisms. 

In  these  tests  the  chosen  descriptors  were  based  upon 
anatomical  structures  in  a two-dimensional  image  space  produced 
by  a camera.  The  descriptors  were  restricted  to  the  two- 
dimensional  plane  of  the  film  and  thus  did  not  take  into 
account  rotations  and  translations  which  moved  objects  in  and 
out  of  the  plane  of  gross  whole  body  motion. 

Test  Subject  Preparation  - The  unembalmed  cadavers  were  stored 
at  4®C  prior  to  testing.  The  cadaver  was  X-Rayed  as  part  of 
the  structural  damage  evaluation  and  anthropomorphic 
measurements  were  recorded.  Next,  the  cadaver  was 
instrumented,  sanitarily  dressed  and  transported  to  the  testing 
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room  where  the  accelerometers  are  attached.  The  subject  was 


positioned.  Pre-test  photographs  were  taken.  The  subject  was 
then  impacted. 

5.15  Initial  Test  Conditions  - For  all  tests  in  both  series, 
the  subject  was  placed  seated  in  a restraint  harness  which  was 
in  turn  suspended  from  the  ceiling.  (See  Figure  7.)  The 
impactor  was  either  rigid  and  unpadded  or  padded  with  a variety 
of  materials  in  different  padding  combinations  of  Ensolite,  A-L 
Ensolite,  styrofoam,  energy'  absorbing  foam,  or  APR  paddings. 
Table  2 presents  a summary  of  initial  conditions  and  padding. 
The  target  area  for  all  impacts  in  both  test  series  was  8 cm 
anterior  to  trochanterion  centered  on  the  greater  trochanter  of 
the  right  femur.  Impact  occurred  in  the  right-to-left 
direction. 

5.16  Post-Test  Autopsy  - After  impact  testing,  the  test 
subject  was  brought  to  the  Anatomy  Lab  for  autopsy.  A gross 
autopsy  was  performed.  All  injuries  were  recorded  in  the  test 
protocol  on  charts  and  brief  descriptions  were  also  written  in 
the  protocol.  35  mm  still  photographs  in  color  and  in  black 
and  white  were  taken  of  all  significant  tissue  damages.  These 
were  later  coded  according  to  the  AIS-80  scheme  and  reported  in 
DOT  format.  Occasionally,  knowledgeable  medical  professionals 
were  consulted  when  more  descriptive  information  might  better 
characterize  the  observed  tissue  damages  than  the  AIS-80  coding 
permits.  All  of  this  information  was  used  in  the  analysis  and 
reconstruction  of  mechanisms  of  injury  and  is  included  in  the 
written  reports  to  the  sponsor. 
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Initial  Test  Conditions 


5.2  Data  Analysis  and  Report  - The  techniques  used  to  analyze  the 


results  are  outlined  below.  Additional  information  can  be  found  in 
[1,15,21-24,31] . 

5.21  Force-Time  Duration  Determination  - In  order  to  define 
the  pulse  duration,  a standard  procedure  was  adopted  which 
determined  the  beginning  and  end  of  the  pulse.  The  procedure 
was  to  first  determine  the  peak  and  the  time  at  which  it 
occurs.  Next,  the  left  half  of  the  pulse,  defined  from  the 
point  where  the  pulse  started  to  rise  until  the  time  of  the 
peak,  was  least-squares  fitted  with  a straight  line.  This  rise 
line  intersected  the  time  axis  at  a point  which  was  taken  as 
the  formal  beginning  of  the  pulse.  For  those  tests  which 
exhibited  multimodal  signals,  the  least-squares  line  was  fitted 
from  where  the  pulse  started  until  the  time  of  the  first 
significant  peak.  A similar  procedure  was  followed  for  the 
right  half  of  the  pulse,  i.e.,  a least  squares  line  was  fitted 
to  the  fall  section  of  the  pulse  which  was  defined  from  the 
peak  to  the  point  where  the  first  pulse  minimum  occurred.  The 
formal  end  of  the  pulse  was  then  defined  as  the  point  where  the 
fall  line  intersects  the  time  axis.  In  many  cases,  however, 
the  formal  end  of  the  pulse  as  defined  was  not  the  end  of 
contact  between  the  impactor  and  the  subject.  In  these 
instances,  two  durations  were  used:  one  to  indicate  the  end  of 
the  most  significant  aspect  of  the  force-time-history  and  one 
to  indicate  the  end  of  the  contact. 

5.22  Frame  Fields  - One  method  for  cinalyzing  the  motion  of  a 
material  body  such  as  the  pelvis  is  to  analyze  the  motion  of  a 
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point  on  that  body.  In  the  case  of  the  tests  performed  in  this 
research  program,  the  point  chosen  was  midway  between  the 
posterior-superior  iliac  spines.  The  motion  of  this  point  was 
analyzed  using  the  concept  of  a moving  frame  discussed 
elsewhere  [15]  and  briefly  summarized  here. 

A vector  field  is  a function  which  assigns  a uniquely  defined 
vector  to  each  point  along  the  path  generated  by  a moving 
point.  Similarly,  any  collection  of  three  mutually  orthogonal 
unit  vectors  emanating  from  each  point  on  the  path  is  a frame 
field.  Thus,  any  vector  defined  on  the  path  (for  example, 
acceleration)  may  be  resolved  into  three  orthogonal  components 
of  any  well  defined  frame  field. 

In  biomechanics  research,  frame  fields  are  frequently  used 
which  are  defined  based  on  anatomical  reference  frames.  The 
anatomical  references  frames  used  are  shown  in  Figure  8.  The 
frames  are  based  on  the  anatomical  orientation  of  a standing 
test  subject.  The  inferior-superior  direction  of  the  femur  is 
roughly  equivalent  to  the  minus  anterior-posterior  direction  of 
the  pelvis  for  a seated  subject.  Other  frame  fields  such  as 
the  Principal  Direction  Triad  [15]  or  Frenet-Serret  frame  [15], 
which  contain  information  about  the  motion  embedded  in  the 
frame  field,  have  also  been  used  to  describe  the  motion 
resulting  from  impact. 

A very  effective  tool  for  analyzing  the  motion  of  the  pelvic 
points  of  interest  as  they  move  along  paths  in  space,  is  the 
concept  of  a moving  frame  [15].  The  path  generated  as  each 
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point  travels  through  space  is  a function  of  time  and  velocity. 
A vector  field  is  a function  which  assigns  a uniquely  defined 
vector  to  each  point  along  a path.  Thus,  any  collection  of 
three  mutually  orthogonal  unit  vectors  defined  on  a path  is  a 
frame  field.  Therefore,  any  vector  defined  on  the  path  (for 
example,  acceleration)  may  be  resolved  into  three  orthogonal 
components  of  any  well-defined  frame  field,  such  as  the 
laboratory  or  anatomical  reference  frames.  Changes  in  a frame 
field  with  time  (for  example,  angular  acceleration  of  the  frame 
field)  are  interpreted  as  vectors  defined  on  the  curve  and  are 
also  resolved  into  three  components. 

The  Frenet-Serret  Frame  [15]  consists  of  three  mutually 
orthogonal  vectors  T,  N,  B.  At  any  point  in  time  a unit  vector 
can  be  constructed  that  is  co-directional  with  the  velocity 
vector.  This  normalized  velocity  vector  defines  the  tangent 
direction  T.  A second  unit  vector  N is  constructed  by  forming 
a unit  vector  co-directional  with  the  time  derivative  of  the 
tangent  vector  T,  since  the  derivative  of  a unit  vector  is 
normal  to  the  vector.  To  complete  the  orthogonal  frame,  a 
third  unit  vector  B (the  unit  binormal)  can  be  defined  as  the 
cross  product  T x N.  This  procedure  defines  a frame  at  each 
point  along  the  path  of  the  point  of  interest.  Within  the 
frame  field,  the  linear  acceleration  is  resolved  into  two 
distinct  types.  The  tangent  acceleration  Tan(T)  is  always  the 
rate  of  change  of  speed  (absolute  velocity)  and  the  normal 
acceleration  Nor(N)  gives  information  about  the  change  in 
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direction  of  the  velocity  vector.  The  binormal  direction 
Bin(B)  contains  no  acceleration  information. 

5.23  Transfer  Function  Analysis  - For  blunt  impacts,  the 
relationship  between  impact  force  and  the  motion  resulting  at 
various  points  of  the  impacted  system  can  be  expressed  in  the 
frequency  domain  through  the  use  of  a transfer  function.  This 
input-output  function  is  a complex-valued  function  in  the 
frequency  domain  and  can  be  expressed  by  a magnitude  and  a 
phase  at  a given  frequency.  Transfer  functions  can  be 
determined  from  the  Fourier  transforms  of  the  input-output 
response  time-histories  or  from  the  spectral  densities  of  the 
input  and  output  response  signals. 

A transformation  of  simultaneously  monitored  accelerometer 
time-histories  can  be  used  to  obtain  the  frequency-response 
functions  of  impact  force  and  accelerations  of  remote  points. 
When  the  frequency-response  functions  have  been  obtained, 
another  transfer  function  of  the  form: 

(Z)(iw)  = (w)  (F)[F(t)]/(F)[A(t)] 

can  be  calculated  from  the  transformed  quantities  where  the 
definitions  are  the  same  as  above. 

This  particular  transfer  function  is  the  mechanical  transfer 
impedance  which  can  be  defined  as  the  ratio  between  simple 
harmonic  driving  force  and  corresponding  velocity  of  the  point 
of  interest.  Mechanical  transfer  impedance  [15]  is  a complex 
valued  function  which  for  the  purpose  of  presentation  will  be 
described  by  its  magnitude  and  its  phase  angle. 
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In  the  case  of  a force  and  an  acceleration,  such  as  impact 
force  and  acceleration  of  a given  point,  a transformation  of 
the  form: 

(X)(iw)  = (F)[F(t)]/(F)[A(t)] 

can  be  calculated  from  the  transformed  quantities,  where  w is 
the  given  frequency,  F[F(t)]  and  F[A(t)]  are  the  Fourier 
transforms  of  the  impact  force  time-history  and  the 
acceleration  time-history,  respectively. 

2 

5.24  The  Coherence  Function  cxy  (w),  is  a measure  of  the 

quality  of  a given  transfer  function  at  a given  frequency. 

2 2 
cxy  (w)  = |Gxy(w) | 

Gxx(w)Gyy(w) 

where  Gxx(w)  and  Gyy(w)  are  the  power  spectral  densities  of  the 

two  signals,  respectively.  Power  Spectral  Density  is  a Fourier 

2 

transform  of  each  signal's  auto-correlation.  |Gxy(w)|  is  the 
Cross-Spectral  Density  function  squared.  Cross-Spectral 
Density  is  the  Fourier  transform  of  the  cross-correlation  of 

the  two  signals  and  w at  the  given  frequency.  By  definition, 

2 2 
0</=cxy  (w)  </=  1.  Values  of  cxy  (w)  near  1 indicate 

that  the  two  signals  may  be  considered  causally  connected  at 

that  frequency.  Values  significantly  below  1 at  a given 

frequency  indicate  that  the  transfer  function  at  that  frequency 

cannot  accurately  be  determined.  In  the  case  of  an  input- 

2 

output  relationship,  values  of  cxy  (w)  less  than  1 indicate 
that  the  output  is  not  attributable  to  the  input  and  is  perhaps 
due  to  extraneous  noise.  The  coherence  function  in  the 
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frequency  domain  is  analogous  to  the  correlation  coefficient  in 
the  time  domain.  For  more  information  on  this  measure  see 
[15].  The  coherence  function  was  used  to  determine  the  useful 
range  of  the  data  in  the  frequency  domain. 
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6.0  RESULTS 


The  tables  presented  on  the  following  pages  and  the  graphs  in 
Appendix  H represent  the  data  considered  most  pertinent  in  discussing 
the  test  results.  Appendix  p contains  preliminary  research  published  in 
the  Stapp  Car  Crash  Conference  Proceedings.  Appendix  G contains  a 
manuscript  submitted  to  the  Journal  of  Biomechanics  which  discusses  only 
the  impacts  conducted  with  the  cannon  impactor.  The  data  for  the  whole 
test  series  in  presented  in  Appendix  H.  Table  1,  presented  earlier  in 
the  text,  contains  biometric  data  of  all  test  subjects.  Initial  pelvic 
test  conditions  are  presented  in  Table  2.  A summary  of  gross  autopsy 
results  is  presented  in  Table  3.  Impact  test  summaries  containing  force 
linear  and  angular  accelerations  are  presented  in  Table  4.  Table  5 
lists  the  accelerometer  response  peaks. 
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Table  2.  Initial  Test  Conditions 


Cadaver 

No. 

Test 

No. 

Impact or 

Padding 

Velocity 

m/s 

000 

82E008 

25  kg  linear  pendulum 

2.5  cm  Ensolite 
1.3  cm  Styrofoam 

8.4 

020 

82E028 

25  kg  linear  pendulum 

0.5  cm  Ensolite 

8.4 

040 

82E049 

25  kg  linear  pendulum 

2.5  cm  Ensolite 
2.5  cm  Styrofoam 

8.6 

050 

82E051 

20  kg  cannon 

5.0  cm  Foam 

2.5  cm  A.L.  Ensolite 

20.0 

050 

82E052 

20  kg  cannon 

2.5  cm  Styrofoam 

22.0 

050 

82E053 

20  kg  cannon 

2.5  cm  Styrofoam 

26.0 

060 

82E067 

25  kg  linear  pendulum 

No  Padding 

6.0 

070 

82E071 

20  kg  cannon 

7.5  cm  A.L.  Ensolite 

2.5  cm  Styrofoam 

26.0 

080 

83E087 

25  kg  ballistic  pendulum 

15  cm  APR  pads 

7.0 

080 

83E088 

25  kg  ballistic  pendulum 

No  Padding 

7.2 

079 

83E091 

20  kg  cannon 

2.5  cm  Styrofoam 
2.5  cm  Ensolite 

10.2 

090 

83E093 

20  kg  cannon 

2.5  cm  Styrofoam 
2.5  cm  Ensolite 

9.2 

100 

83E109 

25  kg  ballistic  pendulum 

15  cm  APR  pads 

9.2 
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Table  3.  Injuries 


Cadaver 

No. 

Test 

No. 

Injuries 

000 

82E008 

None 

020 

82E028 

Vertical  separation  fracture  of 
ischio-pubic  ramus.  Horizontal 
fracture  of  acetabulum  extending 
5 cm  into  superior  pubic  ramus, 
including  crushing  of  superior 
aspect  of  acetabulum. 

040 

82E049 

None 

050 

82E051 

82E052 

82E053 

None 

060 

82E067 

None 

070 

82E071 

Separational  fracture  of  ilio- 
pubic ramus  into  acetabulum.  Fracture 
of  inferior  pubic  ramus.  Fracture  of 
pubic  rami  at  symphysis  pubis. 

080 

83E087 

83E088 

None 

079 

83E091 

None 

090 

83E093 

None 

100 

83E109 

None 
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7.0  DISCUSSION 


The  results  presented  in  this  paper  have  been  obtained  from  a 
series  of  pelvis  injury  research  programs  conducted  during  the  past  five 
years.  The  data  is  presented  in  abbreviated  form  to  represent  the 
trends  which  are  felt  to  be  important  factors  in  pelvis  impact  response. 

The  response  of  the  pelvis  can  be  interpreted  as  the  response  of  a 
material  body  (the  pelvis)  in  contact  with  other  material  bodies  (the 
femur,  spine,  soft  tissue,  and  abdominal  organs).  The  degree  to  which 
each  of  the  material  bodies  interacts  with  the  pelvis  is  dependent  upon 
the  amount  of  available  impactor  energy  and  how  it  is  transmitted  to  the 
pelvis . 

7.1  Force-Time  Histories  - Several  distinct  events  occurred  in  all 
the  force  time-histories  and  could  be  used  as  event  markers.  They  are: 
the  beginning  of  impact  noted  as  El,  the  peak  force  noted  as  E2,  and  the 
end  of  impact  noted  as  E3. 

7.2  Transfer  Functions  — The  transfer  functions  generated  from  the 
impact  force  and  accelerations  include  the  effects  of  padding  and 
subject  response.  The  response  of  the  pelvis  under  dynamic  lateral 
loads  requires  the  description  of  several  material  bodies:  the  impactor, 
the  femur,  the  soft  tissue  and  the  pelvis.  The  ball  and  socket  nature 
of  the  interface  of  the  acetabulum  and  the  head  of  the  femur,  as  well  as 
the  difficulty  of  impacting  through  the  effective  center  of  mass  of  the 
pelvis-femur  complex,  suggest  that  an  instability  will  generally  result 
due  to  asymmetric  loading  of  the  acetabulum  during  impact.  This  type  of 
interaction,  as  well  as  the  effects  of  damage  produced  during  loading, 
can  lead  to  a wide  range  of  responses. 
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The  accelerometer  mounting  platform  was  anchored  to  the  pelvis 
through  the  use  of  lag  bolts  and  dental  acrylic.  This  may  have  added  to 
the  lateral  stiffness  of  the  pelvis  by  reducing  the  differential 
movement  between  the  two  innominate  bones  during  impact,  consequently 
simplifying  the  gross  whole  body  motion  of  the  pelvis.  The  degree  to 
which  the  accelerometer  plate  stiffens  the  pelvis  is  undetermined.  No 
damage  was  observed  as  a result  of  the  lag  bolts  indicating  that  the 
accelerometer  platform  was  not  a significant  load  path.  There  was  also 
a section  of  soft  tissue  between  the  mounting  plate  and  the  boney  pelvis 
which  may  have  dampened  the  pelvic  structures’  response  as  reflected  in 
the  acceleration  signals. 

In  tests  82E008,  82E028,  82E049,  83E087,  83E088  and  83E109,  the 
three-dimensional  motion  of  the  pelvis  showed  that  the  direction, 
magnitude,  phasing,  and  waveform  of  the  motion  descriptors  obtained  from 
the  nine-accelerometer  analysis  did  not  follow  a consistent  pattern. 
These  differences  occurred  primarily  in  both  angular  and  linear 
accelerations  in  those  directions  perpendicular  to  the  impactor  motion. 
Examples  are  Figures  9 and  10  for  82E028,  and  Figures  11  and  12  for 
82E049.  Both  the  linear  and  angular  variables  differ  significantly 
during  the  El  to  E2  interval  even  though  the  gross  overall  motion  as 
obtained  from  both  the  nine  accelerometer  analysis  and  the  high-speed 
movies  are  the  same.  Variables  representing  this  trend  are  the  relative 
magnitude  and  phasing  of  the  resultant  and  tangential  acceleration,  with 
no  clear  relation  between  peak  force  and  acceleration  or  when  it  will 
occur  in  the  force  time-history.  This  is  consistent  with  research 
program  results  from  other  research  acceleration  data  [7].  Figure  13 
depicts  some  of  the  waveforms  that  support  this  observation. 
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Figure  9 

Angular  Acceleration 
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Run  ID;  82E028  H7 
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Figure  10 

Linear  Acceleration 
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Run  ID:  82E049  H7 
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Figure  11 

Angular  Acceleration 
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Figure  12 

Linear  Acceleration 
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Figure  14 

Mechanical  Impedance  Corridor 
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The  response  of  the  pelvis  to  impact  was  complicated  not  only  by 
dynamic  instabilities  of  the  femur-pelvis  complex,  but  also  by  the 
variability  between  subjects.  Since  load  was  distributed  to  the  pelvis 
through  both  soft  tissue  and  the  femur,  variations  in  these  physical 
aspects  between  subjects  can  lead  to  varied  stress  levels  on  the 
acetabulum  for  a given  impact  force.  For  the  subjects  with  large 
amounts  of  soft  tissue,  a longer  El  to  E2  interval  was  observed. 

Because  of  the  complex  nature  of  the  response  of  the  pelvis  to 
lateral  impacts,  it  becomes  difficult  to  generate  a transfer  function 
for  these  experiments.  A transfer  function  was  generated  from  the 
tangential  acceleration  for  those  tests  in  which  the  nine-accelerometer 
plate  was  used  (Figure  2).  The  transfer  function  shows  that  in  thesj 
tests  for  low  frequencies  (from  10  to  40  Hz)  the  pelvis  behaves  as  a 
mass  of  about  25  kg  indicating  that  the  gross  overall  motion  of  the 
pelvis  may  be  simply  modeled. 

7 . 3 Damage  — The  pelvic  bone  damages  observed  in  these  tests  are 
similar  to  those  observed  in  the  automotive  environment  as  reported  in 
[16-17,20,30,32];  however,  no  bilateral  fractures  occurred.  The  complex 
nature  of  the  response  of  the  pelvis  to  lateral  loads  may  preclude  the 
determination  of  a single  tolerance  criterion.  In  this  regard,  peak 
force  does  not  relate  to  the  damage  produced.  This  is  believed  to  be  a 
result  of  the  interactions  of  the  padding,  impactor  surface  shape,  and/ 
or  the  soft  tissue  between  the  impactor  and  the  pelvis.  With  additional 
padding  and  soft  tissue  the  load  can  be  distributed  over  a larger  area 
of  the  pelvis,  and  therefore  less  of  the  available  impact  energy  would 
be  concentrated  on  the  acetabulum.  The  maximum  force  tolerable  appears 
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to  increase  with  an  increase  in  load-distributing  padding  for  a similar 
amount  of  available  impact  energy. 

Based  on  differences  in  the  initial  conditions  of  the  tests 
performed  at  UMTRI  [23]  and  by  Cesari,  et  al.  [7],  it  is  not  readily 
verifiable  that  peak  force  and  impulse  are  accurate  pelvis  injury 
criteria.  The  test  methods  used  by  Cesari,  et  al.  [7]  employed  a 
subject  seated  in  an  upright  position  and  impacted  by  an  unpadded  17.3 
kg  impactor  with  a hemispherical  surface.  It  was  revealed  in  a series 
of  tests  performed  at  UMTRI  (which  employed  an  unrestrained  subject  euid 
an  impactor  with  a flat  surface)  that  variations  in  impactor  padding, 
mass,  and  load  path  may  result  in  large  differences  in  the  peak  force 
and  impulse  of  the  impact,  which  did  not  necessarily  predict  a certain 
type  of  injury  [23].  Additional  test  parameters,  such  as  subject 
configuration,  may  also  have  affected  comparisons  between  test  series 
results  in  an  unknown  manner.  For  example,  in  one  research  program  the 
subject  was  seated  in  a fixed  position  which  may  have  caused  subject- 
seat  interactions,  thus  producing  different  injuries  for  an  otherwise 
similar  impact. 

The  issues  of  lateral  pelvic  impact  tolerance  are  complex  in  their 
technical  details,  but  they  nonetheless  focus  on  a reasonably  simple 
central  problem:  understanding  the  factors  necessary  to  cause  injury  to 

the  pelvis  and  understanding  the  mechanism  of  injury.  A number  of 
procedures  and  techniques  have  been  utilized  to  understand  natural 
phenomena  in  the  scientific  arena.  Two  of  the  most  commonly  used  are 
the  direct  and  indirect  methods.  The  direct  approach  usually  starts 
with  first  principles  and  then  attempts  to  derive  the  basic  laws 
governing  the  phenomena  of  interest.  One  direct  approach  is  to  assume 
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that  the  phenomena  under  study  (in  this  case,  the  pelvis  ) can  be 
characterized  by  minimizing  the  Lagrange  density  L which  is  a function 
of  the  independent  variables  (coordinates,  velocities,  potentials, 

gradients,  field  amplitudes,  etc.)  of  the  system  and  the  derivatives  of 
these  variables  with  respect  to  the  integration  that  is  to  be  minimized. 


One  such  direct  method  characterization  would  be  the  equation  for 
governing  the  behavior  of  an  elastic  medium  under  its  own  restoring 
force. 


div  grad  4>=p(x,y,z)  k(x,y,z)dd  iV/dtdt, 
k(x,y ,z)=l/(y(x,y ,z)+2*u(x,y ,z)) 


Where  u is  the  shear  modulus  of  the  medium  and  y+2/3u  is  its 
compressive  modulus.  An  example  of  this  direct  approach  would  be  to 
compute  the  velocity  and  displacement  of  the  medias  under  impact  given 
the  density  p(x,y,z)  and  the  elastic  modulus  k(x,y,z). 

In  contrast,  it  may  be  possible  indirectly  through  the  use  of 
strain  gauges  and  accelerometers  to  measure  the  velocity,  displacement, 
and  acceleration  when  the  elastic  modulus  is  the  unknown.  Indeed,  in 
the  case  of  the  pelvis,  which  is  inhomogeneous,  the  elastic  modulus 
varies  from  point  to  point.  A more  realistic  problem  then  is 
determining  k(x,y,z)  from  the  displacement  field  which  is  is  an  example 
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of  an  inverse  problem  using  the  indirect  method.  Utilizing  measurable 
quantities  obtained  in  laboratory  experiments  employs  the  indirect 
method.  One  parameter  in  impact  biomechanics  commonly  addressed  through 
the  indirect  method  is  the  tolerance  level  or  failure  criteria.  Impact 
experiments  such  as  the  ones  presented  here,  measure  the  force  time- 
history  and  then  attempt  to  determine  tolerance  in  terms  of  this 
variable.  However,  the  indirect  method  requires  a considerable  amount 
of  time  and  effort  in  the  laboratory.  Procedures  may  vary  from 
laboratory  to  laboratory  and  for  complex  phenomena,  such  as  pelvic 
impact  response,  assumptions  have  to  be  made  to  simplify  the  problem. 

To  determine  the  failure  criteria  of  the  pelvis  for  lateral 
impacts,  a considerable  number  of  variables  need  to  be  addressed.  The 
anatomical  structures  are  inhomogeneous  with  complex  geometry,  and  other 
structures,  such  as  the  femur  and  soft  tissues,  intervene  between  the 
impactor  and  the  acetabulum.  The  pelvis  is  a deformable  object  that 
rarely  makes  direct  contact  with  the  impacting  surface.  In  most  lateral 
impact  environments  there  are  two  basic  load  paths  into  the  pelvis,  one 
through  the  iliac  wing  and  another  through  the  acetabulum  via  the  femur. 

Although  other  quantities  such  as  maximum  strain,  maximum  strain 
energy,  and  maximum  distortion  are  used  to  specify  the  failure  criteria 
of  solid  materials,  a maximum  stress  value  is  popularly  used.  A first 
approximation  to  finding  maximum  stress  is  to  utilize  maximum  impact 
force  as  a failure  criterion  for  a one-dimensional  case,  assuming  that 
failure  occurs  near  maximum  force. 
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a = f/a 


(3) 


Where  f is  the  force  and  a is  the  effective  contact  area  of  the 
femur  with  the  pelvis.  Then,  for  a given  impact,  the  failure  criteria 
can  be  defined  in  terms  of  maximum  force.  If  the  contact  surface  is 
such  that  it  is  a weak  function  of  initial  condition  and  force  time- 
history,  e.g.,  the  effective  contact  area  has  reached  a maximum,  the 
soft  tissue  is  not  an  effective  energy  absorber,  and  the  force  is 
transmitted  directly  to  the  pelvis,  then  maximum  force  is  directly 
related  to  maximum  stress  and  might  be  used  as  a failure  criterion. 
Cesari  and  Ramet  [6]  have  proposed  that  a 10  kN  (3  ms  clip)  peak  force 
for  males  and  a 4 kN  (3  ms  clip)  peak  force  for  females  would  be  a 
reasonable  fracture  tolerance  level  for  lateral  impacts  in  the  pelvis 
without  loading  the  wing  of  the  illium.  However,  they  have  pointed  out 
the  efficacy  of  using  a different  stress-related  variable  instead  of  raw 
force  for  a specific  type  of  fracture.  They  hypothesized  that  many 
lateral  pelvic  fractures  were  the  result  of  excess  bending  stress  in  the 
pubic  rami.  They  computed  moments  of  inertia  and  used  the  formula: 


a=f*d/  (l/y) 


(4) 


Where  d is  the  characteristic  moment  and  I/y  is  the  area  moment  of 
inertia  divided  by  the  offset  from  the  neutral  axis.  They  were  able  to 
correlate  fracture  force  and  moments  of  inertia.  This  then  improved 
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their  correlation  coefficient  between  calculated  stress  and  fracture. 
Additional  efforts  have  been  made  to  base  a fracture  criterion  on  an 
acceleration.  Toward  this  end  Haffner  (1985)  based  on  the  work  of 
Nusholtz  et  al.  [23]  constructed  a one-dimensional  linear  lumped- 
parameter  model  as  shown  in  Figure  15.  Mass  1 is  associated  with  the 
structure  side  upper  mass,  and  Mass  2 is  associated  with  the  pelvic  mass 
upon  which  the  pelvic  accelerometer  is  attached.  They  cautioned  that 
the  model  is  not  to  be  taken  as  a literal  model  but  as  a useful  device 
for  prediction  of  pelvic  stress  along  the  lines  of  others  (Haffner, 

1985)  and  [23].  Although,  this  seems  to  be  a useful  method  of  producing 
a fracture  tolerance  criterion,  the  limited  data  preclude  determining 
the  method's  predictive  value  over  peak  force. 

The  relationship  between  acceleration  and  force  and,  therefore, 
potentially  between  stress  and  acceleration  can  be  envisioned  by  the 
assumption  that  the  motion  during  impact  to  the  pelvic  area  (to  which 
the  accelerometers  are  attached)  is  that  of  a rigid  body  undergoing  one- 
dimensional motion.  It  has  been  pointed  out  [23]  that  a complete  three- 
dimensional  description,  consisting  of  three  linear  translations  and 
three  angular  rotations,  is  invaluable  in  determining  the  response  of 
the  pelvis  to  blunt  lateral  impact.  This  is  a result  of  the  ball  and 
socket  nature  of  the  interface  of  the  acetabulum  and  the  head  of  the 
femur,  as  well  as  of  the  difficulty  of  impacting  through  the  center  of 
the  mass  of  the  pelvis-femur  complex.  This  type  of  geometry  will  result 
in  asymmetric  loading  of  the  pelvis  and  will  produce  a wide  range  of 
responses  for  a given  impact.  Therefore,  for  small  deformations  of  the 
pelvis,  it  is  more  reasonable  to  assume  that  the  acceleration  motion  of 
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Lumped  Parameter  Model 


any  given  point  on  the  pelvis  sufficiently  far  from  the  impact  point  can 
be  described  using  the  following  equation. 


X=A+w^w''r+(dw/dt)'^r^ 


(5) 


Where  X is  the  acceleration  of  a given  point  on  the  pelvis,  A is  the 
acceleration  of  the  center  of  mass,  w is  the  angular  velocity  of  the 
pelvis,  dw/dt  is  the  angular  acceleration  of  the  pelvis,  and  r is  the 
radius  vector  of  the  center  of  mass  to  the  point  of  interest.  A one- 
dimensional model  would  give  only  a rough  approximation  of  the  stress 
produced  during  impact.  A better  approximation  would  have  the  stress  in 
the  pelvis  as  a function  of  the  forces  F(x,y,z)  and  torques  N(  ) as 
well  as  the  point  of  interest  X on  the  pelvis. 


0 = F(F[x,y,z]  ,N[  P,  e,k  ],X) 


(6) 


In  addition  to  the  three-dimensional  motion,  the  pelvis  is  composed 
of  inhomogeneous  materials  and  is  strain  rate  sensitive  as  well  as  non- 
linear in  response.  Therefore: 
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e=F(  a,x,t) 


(7) 


Where  E is  the  strain  of  any  given  point  on  the  pelvis.  The  motion  of 
any  point  on  the  pelvis  would  then  be: 


Xi 


+Ai=w''w""r+(dw/dt)''  r+ddR(E)  / dt 


2 


(8) 


Where  R(E)  is  the  displacement  vector  of  the  point  of  interest  from  its 
equilibrium  position.  From  the  above  discussion,  it  would  seem  that  the 
application  of  the  indirect  method  to  determining  fracture  tolerances  or 
maximum  stress  needs  to  address  to  some  degree:  the  number  of  initial 
positions  that  can  occur  between  the  pelvis  and  the  femur,  the  three- 
dimensional  motion  of  the  pelvis  and  the  femur,  and  the  response  rate- 
sensitivity  of  the  pelvic  structures. 

This  would,  in  part,  then  explain  the  differences  seen  in  the 
results  of  others  [6-8,22].  Nusholtz  et  al.  [23]  observed  for  an  impact 
experiment  using  a flat  rigid  striking  surface  which  loaded  the 
acetabulum  through  the  femur  that  the  fracture  level  was  approximately 
7 kK.  Since  the  number  of  parameters  that  need  to  be  controlled  in 
lateral  impact  are  numerous,  small  differences  in  experimental  technique 
can  lead  to  significant  differences  in  results.  The  possible  reasons  for 
the  differences  between  these  two  laboratories  are: 

1.  The  impactor  used  by  Nusholtz  et  al.  [23]  was  56  kg  instead  of 
the  17  kg  used  by  Cesari  and  Ramet  [6],  and  Cesari  et  al.  [7- 
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8].  If  Strain-rate  is  a factor  in  impact  response,  then  the 
experiments  performed  by  Nusholtz  et  al.,  [23]  would  have  had  a 
higher  frequency  contact,  and,  therefore,  a higher  strain-rate 
effect.  This  may,  in  part,  explain  why  Nusholtz  et  al.  [23] 
obtained  a greater  number  of  acetabular  fractures. 

2.  Striking  the  femur  with  a hemispherical  impactor  permitted  it 
to  slide  under  the  impactor,  allowing  greater  loads  to  be 
transmitted  directly  to  the  pelvis. 

3.  Nusholtz'  [23]  test  subjects  were  suspended  in  the  air  and 
struck  during  free  fall.  Cesari’s  were  seated.  The  per  se 
effect  of  seating  on  the  response  is  undetermined.  However,  it 
seems  reasonable  to  assume  that  for  a short -duration  (high 
frequency)  force  time-history,  this  would  not  have  an  effect. 

If  the  above  discussion  is  accurate  in  its  characterization  of  the 
pelvis,  then  it  would  seem  desirable  to  design  an  experiment  that  would 
increase  the  necessary  load  to  fracture  by; 

1)  Increasing  the  loading  area. 

2)  Decreasing  the  strain-rate  by  decreasing  the  high-frequency 
components  of  the  force  time-history. 

3)  Reducing  the  angular  acceleration. 

The  special  padding  used  in  these  experiments  enabled  the  femur  to  be 
trapped  and  reduced  the  angular  motion  associated  with  the  femur-pelvic 
instability  of  the  femur-pelvis,  eliminated  any  concentrated  loading  by 
utilizing  the  entire  surface  of  the  impactor  as  a load  path,  reduced  the 
rate  of  onset  of  the  force  time-history,  and,  thus,  reduced  the  high 
frequency  components  of  the  force  time-history.  Because  of  the  effects 
of  the  padding,  large  forces  were  generated  without  fracture.  This 
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supports  the  earlier  research  results  [22-23]  in  which  the  importance  of 
protective  padding  was  emphasized. 

This  has  been  a limited  preliminary  study  of  some  important 
kinematic  factors  and  damage  modes  associated  with  indirect  loading  of 
the  pelvis  through  the  femur.  Due  to  the  complex  nature  of  the  pelvis- 
femur  interaction  during  an  impact  event,  more  work  is  necessary  before 
these  kinematic  factors  can  be  generalized  to  describe  the  response  of 
the  pelvis.  However,  the  following  conclusions  can  be  drawn: 

1)  The  complete  description  of  three-dimensional 

motion  is  invaluable  to  the  understanding  of  pelvic  response. 

2)  The  complex  nature  of  the  response  of  the 

femur /pelvis/ soft  tissue  system,  between-subjects  variability, 
and  damage  patterns  produced  may  preclude  the  determination  of 
a single  tolerance  criterion  such  as  maximum  force  or  peak 
acceleration  response. 

3)  Energy-absorbing  and  load-distributing 

materials  are  effective  methods  of  transmitting  greater  amounts 
of  energy  to  the  pelvis  without  damage  being  produced  in 
lateral  impacts. 

4)  In  comparison  to  the  results  of  others  [6-8,23], 

the  pertinent  observations  of  the  experiments  being  reported  in 
this  report  are  that  relatively  large  forces  can  be  generated 
without  fracture  (26  kN)  and  that  when  the  fractures  do  occur, 
they  are  associated  with  a force  of  45  kN.  In  addition,  the 
damage  pattern  changed  from  near  (and  including)  the  acetabulum 
to  near  (and  including)  the  pubic  area. 
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8.0  UNANSWERED  QUESTIONS: 


1)  Can  a well-padded  pubic  area  sufficiently  dissipate  energy  so  that 
force  input  from  a lateral  impact  to  the  acetabulum  will  not  cause 
fracture? 

2)  Osteoporosis  in  the  elderly  population  makes  them  particularly  at 
risk  to  pelvic  fracture.  Can  padding  thickness  be  determined  for  an 
elderly  (over  55  years)  population? 

3)  Male  and  female  pelvises  are  significantly  different.  Can  tolerances 
for  these  populations  be  determined? 

9.0  RECOMMENDED  RESEARCH 

It  would  seem  worthwhile  to  investigate  the  effects  of  different 
types  of  paddings  in  similar  indirect  lateral  pelvic  impacts. 
Investigation  of  the  orientation  of  the  leg  in  such  impacts  may  also 
provide  valuable  information.  Also,  work  examining  the  effect  of 
different  impact  contact  points  may  provide  information  that  ultimately 
might  be  useful  in  the  assessment  of  the  friendly  automotive  interior. 
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n . 0 APPENDIX  B 
TEST  PROTOCOL 


DEPARTMENT  OF  TRANSPORTATION 


MULTIPLE  IMPACT  TESTS 


Through 


as  performed  by 

the  Biomechanics  Department  of 
the  Highway  Safety  Research  Institute 
Ann  Arbor,  Michigan 


1982-1983  E Series 

This  protocol  for  the  use  of  cadavers  in  this  test  series  was  approved  by 
the  Committee  to  Review  Grants  for  Clinical  Research  of  the  University  of 
Michigan  Medical  Center  and  follows  guidelines  established  by  the  U.S.  Public 
Health  Service  and  those  recommended  by  the  National  Academy  of  Sciences, 
National  Research  Council. 
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TEST  DESCRIPTION' 


Cadaver  No. Sex: Height: Weight: 

Test  No. (Head,  Shoulder,  Pelvis) 

Test 

description:Head  impact,  subject  in  a normal  seated 

position,  neck  angle  approx.  10“  forward,  impact  to 

forehead,  angle  of  head  determined  by  tangent  forehead 


plane . 


Type  of  Impactor:  PENDULUM 

Type  of  Bumper:  WHITS  VI BRA THANE 

Type  of  Striker:  25  Kg  PISTON,  15cm  DIA. 

Impactor  Angle:  50°(5.0m/s) 

Padding : 

Pre-Impact  Travel:  14cm 
Post-Impact  Travel:  16cm 
35mm  stills: 

Black  and  White 

Color 

CAMERAS 

Photosonics  1:  1 000 

Photosonics  2:  

HyCam:  3000 


POSITION 
P-A,  S-I 


P-A,  S-I 


Test  Description  - 2 
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INSTRUMENTATION 


ACCELEROMETERS 
Head  (9  AZ) 

Up.  Sternum  (3-AX) 
Lwr.  Sternum  (1) 
Spine  (2  triax) 


TARGETS 
Z Head 

Acromion 

Sternum  (2) 

Z Spine 


TRANSDUCERS 

Z Trachea  

Z Ascending  

Aorta 

Internal  Z 

Carotid 


Pelvis  (9  AX)  Pelvis 

Lwr.  Rib  R8  (2)  

Up.  Rib  R4  (2  triax) 


Subdural  1 ; Z 
2;  Z 
3;_X 
4:  ? 


Test  Description 


TEST  DESCRIPTION 


Cadaver  No. Sex; Height: Weight: 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description: 

Head  impact,  same  as  previous. 


Type  of  I mpac tor;  PENDULUM 

Type  of  Bumper:  WHITE  VIBRATHANE 

Type  of  Striker;  25  Kg  PISTON,  15cm  DIA. 

Impactor  Angle;  50°(5.0m/s) 

Padding : 

Pre-Impact  Travel:  14cm 
Post-Impact  Travel;  16cm 
35mm  stills: 

Black  and  White 

Color 

CAMERAS 

Photosonics  1 : 1 000 

Photosonics  2;  

HyCam:  3000 


POSITION 
P-A,  S-I 


P-A,  S-I 


Test  Description  - 4 


BC 


INSTRUMENTATION 


ACCELEROMETERS 
Head  (9  A2) 

Up.  Sternum  (3-A2) 
Lwr.  Sternum  (1) 
Spine  (2  triax) 
Pelvis  (9  AX) 

Lwr.  Rib  R8  (2) 

Up.  Rib  R4  (2  triax) 

COMMENTS ; 


TARGETS 
^ Head 

Acromion 

Sternum  (2) 

X Spine 
Pelvis 


TRANSDUCERS 

X Trachea  

X Ascending  

Aorta 

Internal  X 

Carotid 

Subdural  1 ; X 

2:  X 
3:  X 
4:  ? 
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Test  Description 


TSST..DESCRIPTION 

Cadaver  No. Sex: H^’ight: Weight: ' 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description:  Front  tap,  mid-sternum,  ancle  of  thorax 

determined  by  sternum  tangent  plane,  top  of  impact  54  cm 


from  seat  pan. 


Type  of  I mpac tor:  PENDULUM 

Type  of  Bumper:  WHITE  VIBRATHANE 

Type  of  Striker:  25  Kg  PISTON,  21cm.  sg. 

Impactor  Angle:  17°(2m/s) 

Padding:  . 5c:.n  ensolite 

Pre-Impact  Travel:  8cm 

Post-Impact  Travel:  22cm 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1 : 1 000 P-A,  S-I 

Photosonics  2:  

HyCam:  3000  P-A,  S-I 


Test  Description  - 


BIO 


6 


I NSTRUMENTATI ON 


ACCELEROMETERS 
Head  (9-AX) 

Up.  Sternum  (3-AX) 
Lwr.  Sternum  (1) 
Spine  ('2  triax) 
Pelvis  (9-AX) 

Lwr.  Rib  R8  (2) 

Up.  Rib  R4  (2  triax 

COMMENTS? 


TARGETS 
^ Head 
X Acromion 
X Sternum  (2) 
X Spine 

Pelvis 

X 

X 


TRANSDUCERS 

X Trachea  X 

X Ascending  X 

Aorta 

X Internal  

Carotid 

Subdural  1 ; 

2: 

3: 

4 ; 
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Test  Description 


TEST  DESCRIPTION 


Cadaver  No. Sex: Height: Weight:__ 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description:  Left  side  tap,  45°P-A  into  R-L, 

normal  seated  posture,  move  arm  if 

necessary,  top  of  impact  54  cm  above  seat  pan. 


Type  of  I mpa c t o r : PENDULUM 

Type  of  Bumper:  WHITE  VIBRATHANE 

Type  of  Striker:  25  Kg  PISTON,  21cm.  so. 

Impactor  Angle:  17”(2m/s) 

Padding:  .5cm  ensolite 

Pre-Impact  Travel:  8cm 

Post-Impact  Travel:  22cm 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1:  1 000  45°  P-A  into  R-L , S-I 

Photosonics  2:  

HyCam:  3000 45°  P-A  into  R-L,  S-I 


Test  Description  - 8 
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ACCELEROMETERS 
Head  (9-A2) 

Up.  Sternum  (3-AX) 
Lwr.  Sternum  (1) 
Spine  (2  triax) 
Pelvis  (9-AX) 

Lwr.  Rib  R8  (2) 


INSTRUMENTATION 
TARGETS 
^ Head 
X Acromion 
X Sternum  (2) 

X Spine 

Pelvis 

X 


TRANSDUCERS 

X Trachea  X 

X Ascending  X 

Aorta 

X Internal  

Carotid 

Subdural  1 : 

2; 

3: 

4: 


Up.  Rib  R4  (2  triax)__X 
COMMENTS ; 
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Test  Description  - 9 


TEST  DESCRIPTION 


Cadaver  No. Sex: Height: Weight : 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description:  Left  side  tap  arms  up, 

position  arms  to  minimize  interference  from  scapula 

as  well  as  centering  piston  in  the  R-L/I-S  plane, 

normal  seated  posture.  Top  of  impact  54  cm 

above  seat  pan.  (This  test  may  be  dropped.) 


Type  of  Impactor:  PENDULUM 

Type  of  Bumper:  WHITE  VIBRATHANE 

Type  of  Striker:  25  Kg  PISTON,  21cm  sa. 

Impactor  Angle: 17° (2m/s) 

Padding:  ,5cm  ensolite 

Pre-Impact  Travel:  8cm 

Post-Impact  Travel:  22cm 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1:  1 000  R-L,  S-I 

Photosonics  2:  

HyCam:  3000 R-L,  S-I 


Test  Description  - 10 


INSTRUMENTATION 


ACCELEROMETERS 

TARGETS 

TRANSDUCERS 

Head  (9-AX) 

X 

Head 

X 

Trachea 

X 

Up.  Sternum  (3-AX) 

X 

Acromion 

X 

Ascending 

Aorta 

X 

Lwr.  Sternum  (1) 

X 

Sternum  (2) 

X 

Internal 

Carotid 

Spine  (2  triax) 

X 

Spine 

— 

Pelvis  (9-AX) 

Pelvis 

Subdural  1 : 

Lwr.  Rib  R8  (2) 

X 

2: 

Up.  Rib  R4  (2  triax) 

X 

3: 
4 : 

— 

COMMENTS : 
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Test  Description 


TEST  DESCRIPTION 


Cadaver  No. Sex: Height: Weight: 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description:  Left  side  tap  arms  down,  normal 

seated  posture,  in  the  R-L/I-S 

plane,  top  of  impact  54  cm  above  seat  pan. 


Type  of  I mpa c t o r : PENDULUM 

Type  of  Bumper:  WHITE  VIBRATHANE 

Type  of  Striker:  25  Kg  PISTON,  21cm  so. 

Impactor  Angle: 1 7° ( 2m/s) 

Padding:  .5cm  ensolite 

Pre-Impact  Travel:  8cm 

Post-Impact  Travel:  22cm 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1 : 1000 R-L,  S-I 

Photosonics  2:  

HyCam:  3000 R-L,  S-I 


big 


Test  Description 
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I NSTRUMENTATI ON 


ACCSLEROMETERS 

TARGETS 

TRANSDUCERS 

Head  (9-A2) 

Z 

Head 

z 

Trachea 

X 

Up.  Sternum  (3-AZ) 

z 

Acromion 

z 

Ascending 

X 

Aorta 

Lwr.  Sternum  (1) 

z 

Sternum  (2) 

z 

Internal 

Carotid 

Spine  (2  triax) 

z 

Spine 



Pelvis  (9-AZ) 

Pelvis 

Subdural  1 

• 

Lwr.  Rib  R8  (2) 

z 

2 

• 

• 

Up.  Rib  R4  (2  triax) 

z 

3 

• 

• 

4 

• 

• 

COMMENTS : 
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Test  Description 


TEST  DESCRIPTION 


Cadaver  No, Sex: Height: Weight : 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description:  Left  side  impact,  same  as  left  side 

arms  down  tap. 


Type  of  I mpac tor:  PENDULUM 

Type  of  Bumper:  WHITE  VIBRATHANE 
Type  of  Striker:  25  Kg  PISTON,  21cm  sq . 
Impactor  Angle:  100°(8.8m/s) 

Padding:  15cm  APR  pads 

Pre-Impact  Travel:  9cm 

Post-Impact  Travel:  21cm 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1 : 1 000 R-L , S-I 

Photosonics  2:  

HyCam:  3000 R-L,  S-I 


BIS 


Test  Description 


14 


INSTRUMENTATI ON 


ACCELEROMETERS 

TARGETS 

TRANSDUCERS 

Head  (9- AX) 

X 

Head 

X Trachea  X 

Dp.  Sternum  (3-AX) 

X 

Acromion 

X Ascendinq  X 

Aorta 

Lwr.  Sternum  (1) 

X 

Sternum  (2) 

X Internal 

Carotid 

Spine  (2  triax) 

X 

Spine 

— 

Pelvis  (9-AX) 

Pelvis 

Subdural  1 : 

Lwr.  Rib  R8  (2) 

X 

2; 

Up.  Rib  R4  (2  triax) 

X 

3: 

4: 

COMMENTS: 
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est  Description 


TEST  DESCRIPTION 


Cadaver  No. Sex: Height: Weight: 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  Description:  Pelvic  impact,  right  side,  8cm  anterior 

to  trochanter ion , centered  on  femur. 


Type  of  I mpa c t o r : PENDULUM 

Type  of  Bumper:  WHITS  VIBRATHANS 

Type  of  Striker:  25  Kg  PISTON,  15cm  DIA. 

Impactor  Angle:  100°(8.8m/s) 

Padding:  .5cm  ensolite 

Pre-Impact  Travel:  12cm 

Post-Impact  Travel:  18cm 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1 ; 1 000  R-L,  S-I 

Photosonics  2:  

HyCam:  3000 R-L,  S-I 
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Test  Description 
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INSTRUMENTATI ON 


ACCELEROMETERS 
Head  (9-AX) 

Up.  Sternum  (3-AZ) 
Lwr.  Sternian  (1) 
Spine  (2  triax) 
Pelvis  (9-AX) 

Lwr.  Ri'b  R8  (2) 

Up.  Rib  R4  (2  triax 

COMMENTS ; 


TARGETS 

Head 

Acromion 

Sternum  (2) 

X Spine 

X Pelvis 


TRANSDUCERS 

Trachea  

Ascending  

Aorta 

Internal  

Carotid 

X 

X Subdural  1 : 

2: 

3: 

4: 
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Test  Description 
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TEST  DESCRIPTION 


Cadaver  No. Sex: Height: Weight: 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description: 


Type  of  Impactor: 

Type  of  Bumper: 

Type  of  Striker: 

Impactor  Angle: 

Padding: 

Pre-Impact  Travel: 

Post-Impact  Travel: 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1 : 

Photosonics  2:  

HyCam:  


B22 


Test  Description 
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INSTRUMENTATION 


ACCELEROMETERS 
Head  (9-A2) 

Up.  Sternum  (3-A2) 
Lwr.  Sternum  (1) 
Spine  (2  triax) 
Pelvis  (9-AZ) 

Lwr.  Rib  R8  (2) 

Up.  Rib  R4  (2  triax) 


TARGETS 


TRANSDUCERS 


Head 

Acromion 
Sternum  (2) 
Spine 
Pelvis 


Trachea  

Ascending  

Aorta 

Internal  

Carotid 


Subdural  1 
2 

3 

4 


COMMENTS : 
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Test  Description 
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TEST  DESCRIPTION 


Cadaver  No. Sex: Height: Weight: 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description: 


Type  of  Impactor: 

Type  of  Bumper: 

Type  of  Striker: 

Impactor  Angle: 

Padding : 

Pre-Impact  Travel: 

Post-Impact  Travel: 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1 : 

Photosonics  2:  

HyCam:  
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INSTRUMENTATION 


ACCELEROMETERS 
Head  (9-AX) 

Up.  Sternum  (3-AX) 
Lwr.  Sternum  (1) 
Spine  (2  triax) 
Pelvis  (9-AX) 

Lwr.  Rib  R8  (2) 

Up.  Rib  R4  (2  tria 


TARGETS 

Head 

Acromion 

Sternum  (2) 

Spine 

Pelvis 

) 


COMMENTS ; 


TRANSDUCERS 

Trachea 

Ascending  

Aorta 

Internal  

Carotid 

Subdural  1 : 

2: 

3:.^ 

4 s 
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Test  Descriotion 
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TEST  DESCRIPTION 


Cadaver  No. Sex: Height: Weight: 

Test  No. (Head,  Shoulder,  Pelvis) 

Test  description: 


Type  of  Impactor: 

Type  of  Bumper: 

Type  of  Striker: 

Impactor  Angle: 

Padding : 

Pre-Impact  Travel: 

Post-Impact  Travel: 

35mm  stills: 

Black  and  White 

Color 

CAMERAS  POSITION 

Photosonics  1:  

Photosonics  2:  

HyCam:  
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Test  Descriotion  - 22 


INSTRUMENTATION 


ACCELEROMETERS 


TARGETS 


TRANSDUCERS 


Head  (9-AX) 

Up.  Sternum  (3-AX) 
Lwr.  Sternum  (1) 
Spine  (2  triax) 
Pelvis  (9-AX) 

Lwr.  Rib  R8  (2) 

Up.  Rib  R4  (2  triax) 


Head 


Trachea 


Acromion 
Sternum  (2) 
Spine 


Ascending 

Aorta 

Internal 

Carotid 


Pelvis 


Subdural  1 : 


2: 


3: 


4: 


COMMENTS : 
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PRE- SURGERY 


TASK 


TIME 


COMMENTS 


Pick  up  cadaver  from 
U of  M Anatomy  Dept, 
and  transport  to 
HSRI  Biomedical  lab. 


Weigh  cadaver  and  log 
cadaver  information. 


Store  cadaver  if 
necessary . 


Sanitary  preparation. 


Pretest  X-rays: 


(KV/MA/T) 

head  A-P 

(100/10/1) 

. . / / 

thorax  A-P 

(90/10/1) 

/ / 

thorax  A-P(2) 

(90/10/1) 
/ / 

pelvis 

(105/10/1 ) 
/ / 

femur 

(80/10/1) 
/ / 

Anthropometry . 
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Pre-Surgery  - 24 


ANTHROPOMETRY 


He  i ght : 

Weight : 

Sex; 

Age ; 

Stature:  left; right; 

Suprasternale  height: 

Substernale  height; 

Substernale  depth; 

Substernale  breadth; 

Substernale  circumference; 

Vertex  to  12th  rib; 

Head  to  C7 ; 

Mastoid  to  vertex:  left; right; 

Tragon  to  vertex;  left; right;_ 

Menton  to  vertex; 

Bitragon  diameter; 

Acromion  height;  left; right; 

Acromion  to  tip  of  finger; 

Biacromion: 

Axillary  breadth: 

Axillary  depth; 

Axillary  circumference; 

Head  breadth  (R-L); 

Head  depth  (A-P); 

Head  circumference; 

Neck  circumference: 
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Anthropometry  - 25 


3itrochanter ic  breadth; 

Svuiphysion  depth: 

Vertex  to  Symphysion: 

Bispinous  (ASIS)  diameter: 

Bi iliocristale  breadth: 

ASIS  to  Symphysion: 

Anatomical  Anomalies  / Clinical  Observations 

1.  Head:  a.  Brain  b.  Skull 

2.  Neck: 

3.  Thorax:  a.  Ribs  b.  Heart  c.  Lungs  d.  Diaphragm 

4.  Pelvis: 

5 . Femur 

6 . Abdomen 
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RIB  AND  STERNUM  MOUNTS 


TASK 

TIME 

Locate  right  and  left 
R4  by  palpation. 

Make  incisions  over 
ribs  near  flat  region. 
Surface  must  be  normal 
to  the  R-L  vector. 

Loop  two  pieces  of 
wire  (1/2"  apart) 
around  each  rib. 

Locate  R8  by  counting 
down  from  R4  and  up 
from  R12. 

Make  incision  over  rib 
near  flat  region. 
Surface  must  be  normal 
to  the  R-L  vector. 

Make  incisions  over 
suprasternale  and 
substernale . 

Secure  mounts  to  rib 
by  anchoring  with  pins 
and  wire. 

Screw  lag  bolt  into 
each  acromion. 

COMMENTS 
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Mounts  “ 27 


PRESSURIZATION 


TASK 

TIME  1 

Locate  right  carotid 
and  cut  lengthwise. 

Locate  right  vertebral 
artery  and  ligate. 

Loop  six  pieces  of 
string  around  carotid 
artery. 

Insert  fabricated 
Foley  catheter  (#18 
or  #20)  into 
descending  aorta. 

Insert  Kulite  shield 
into  ascending  aorta. 

Insert  Kulite  shield 
into  carotid  artery. 

Insert  arterial 
pressurization 
catheters  into  carotid 
artery. 

Using  syringe,  squirt 
acrylic  into  artery. 
Tie  and  sew. 

Locate  left  carotid, 
cut,  loop  strings. 

Locate  left  vertebral 
artery  and  ligate. 

COMMENTS 
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Mounts  - 28 


PRESSURIZATION  (CONT’D) 


TASK  1 

TIME  1 

COMMENTS 

Insert  arterial 
pressurization 
catheters  (#10,  #12, 
or  #14)  into  carotid 
artery. 

1 

Acrylic,  tie  and  sew. 

Locate  trachea  and  cut 
lengthwise . 

1 

Loop  two  Tie  Wraps 
around  trachea. 

Insert  polyethelyne 
tube  snugly,  tie  and 
sew. 

Calibrate  lungs. 

Pulmonary  pressure 
relief  valve 
calibration. 

Vascular  flow  check. 

Sternal  geometry  if 
necessary . 
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B34 


Mounts  - 30 


HEAD  9-AX  MOUNT 


TASK 

TIME 

With  cadaver  facing 
down,  remove  a 2x2” 
area  of  scalp  spanning 
the  right  parietal  and 
occipital  bones. 

Drill  three  holes  in 
a triangular  pattern, 
approximately  the  size 
of  the  9-ax  plate. 

Insert  three  screws. 

Attach  four  feet  to 
the  9-ax  plate  such 
that  three  of  the 
feet  can  be  positioned 
near  the  screws  on  the 
exposed  forehead. 

Place  acrylic  around 
screws . 

Place  plate  on  top  of 
acrylic  base,  making 
sure  the  acrylic  goes 
through  the  center 
holes  in  the  plate. 

Insert  a strain  relief 
bolt  in  the  acrylic 
base  of  the  head 
platform. 

Make  sure  bolt  does 
not  contact  plate. 

COMMENTS 


B35 


Mounts 


31 


HEAD  TRANSDUCERS 


TASK 

TIME 

Holes  for  transducers 
go  on  frontal , par ietal , 
and  occipital  bones. 
Make  sure  no  Xducers 
will  contact  the 
impacting  surface. 

Also,  the  holes  should 
not  be  drilled  into 
suture . 

To  drill  holes,  re- 
move a 1/4"  dia.  circle 
of  scalp. 

Drill  through  skull 
with  a #7  drill.  Be 
sure  not  to  drill 
through  the  dura. 

Perforate  the  dura 
without  cutting  brain. 

Tap  hole  with  a No. 7 
tap. 

Pinhead  screws  are 
attached  2cm  from 
each  transducer. 

Acrylic  is  applied 
to  each  area,  carefully 
molding  around  the 
transducers . 

Note  positions  of 
head  transducers  on 
the  figure. 

COMMENTS 
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Posterior  View 


B37 
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PELVIS  MOUNT 


TASK 

TIME  1 

Locate  the  posterior- 
superior  iliac  spines. 

Screw  two  lag  bolts 
into  each  spine  such 
that  the  large  9-ax 
plate  spans  the  bolts. 

Attach  four  feet  to 
the  plate  such  that 
the  feet  are  near  the 
lag  bolts. 

Place  acrylic  around 
screws  and  feet. 

Imbed  feet  and 
posterior  surface  into 
acrylic . 

Test  plate  to  see 
that  it  is  secure. 

COMMENTS 
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Mounts  - 35 


SPINAL  MOUNTS 


TASK 

TIME 

COMMENTS 

Spinal  mounts  go  on 
T1  and  T12. 

Make  incisions  over 
T1  and  T12.  Clear 
muscle  and  tissue  away 
from  process,  but  do 
not  cut  between 
processes . 

Drill  a small  hole 
1/4"  deep  in  each 
process . 

Screw  mounts  on  with 
wood  screws  (be  sure 
screws  are  in  process). 

Place  stabilizing  and 
mooring  probic  devices 
on  each  side  of  the 
laminae.  Secure  with 
Tie  Wraps. 

Mold  acrylic  around 
(and  under)  mounts  and 
mooring  devices  and 
allow  to  dry. 

Make  sure  accelerom- 
eters are  anatomically 
oriented. 

Spinal  geometry  if 
necessary . 

1 
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CEREBROSPINAL  PRESSURIZATION 


1 TASK 

TIME 

COMMENTS 

Locate  L2  by  palpation 
and  counting  from  T12. 

• 

Core  a small  hole  in 
the  lamina. 

Insert  Foley  catheter 
(#14  or  #16)  such 
that  balloon  is  in 
mid-thorax. 

Insert  small  screws 
in  lamina  and  process. 

Seal  off  hole  with 
acrylic . 

Check  for  structural 
integrity  of  vertebra. 

Cerebral-spinal  flow 
check . 

Check  pressurization. 
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PREPARATI ON 


TASK 

TIME 

COMMENTS 

Dress  cadaver. 

Place  head  and  body 
harnesses  on  cadaver. 

Store  cadaver  if 
necessary . 

Transport  cadaver  to 
sled  lab,  being  careful 
not  to  damage  mounts. 

Place  head,  sternum, 
and  rib  transducers  on 
cadaver.  Stuff  and 
sew . 

Set  up  pressurization 
equipment  (pulmonary, 
cerebro-spinal , 
vascular  head  and 
vascular  thorax). 
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^ If)  VO 


3LSCTR0NICS  CHECK  AND  PRETEST  TRIAL  RUN 


Electronics  Check 

check  accelerometers  (excitation  and  zero) 

check  wiring  and  cables 

mount  accelerometers  in  triax  clusters 

check  amplifiers 

calibrate  tape  with  impedance-matching  amp 

recorder 

complete  wiring 

check  pendulum  accelerometer 

check  velocity,  strobe,  gate,  timer,  rope  cutters 

run  trial  test 

load  cell  mounted  on  pendulum  day  before  test 

load  Photosonics  and  HyCam  cameras  with  Kodak  16mm 

7242-#FB-430  color  film 


Pretest  Trial  Run 

1.  Suspend  rubber  tube  five  inches  from  pendulum 

with  fiber  tape. 

2.  Tape  all  accelerometers  to  seat  with  paper 

tape. 

3.  Attach  the  contact  switches  to  the  load  cell 

and  shock  absorber  with  paper  tape. 

Run  trial  test. 

Record  all  signals,  gate,  and  strobe. 

Put  a one-volt  signal  on  a junk  tape  and  check 
to  see  if  one  volt  is  played  back. 

Use  signal  generator  or  impedance- 
matching amp  with  the  scope  to 
calibrate  output. 


B43 


Pretest  Trial  Run  - 39 


HEAD  IMPACT  1 


Test  No. 


TASK  1 

TIME 

COMMENTS 

Head  impact  1 . 

Attach  ball  targets 
and  phototargets. 

Change  padding  on 
impactor  head  surface. 

Set  up  head  catch  and 
spinal  backup. 

Final  positioning 
{ see  figure ) . 

Measure  and  record 
head  and  neck  angles 

Setup  photos. 

Final  checklist. 

Start  pressurization 
of  vascular  and 
cerebrospinal  systems. 

Finish  pressur izatons . 

Run  test. 
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Head  Imoact  1 
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Head  Impact  1-41 


HEAD  IMPACT  1 


Timer  Box  Setup 

EQUIPMENT  TIMER  VALUES 

Impact  Delay  Run 


Gate  (from  strobe  1) 

0011 

1 

0170 

Lights  (start) 

0001 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter ( start ) 

1390 

4 

0050 

Photosonics  (start) 

1000 

5 

1600 

6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0001 

7 

0050 

Piston  Acceleration  Corridor 

0009 

S 

0050 

B46 


Head  Imoact  1 


FINAL  CHECKLIST 


check  transducers 
tape  positioned 

slots  for  velocity  probe  lined  up 

both  strobes  charged 

timer  box  values  correct 

all  timer  box  switches  to  "'off' 

rope  cutter  threaded  and  ready 

nylon  (rope  cutter)  string  unfrayed 

rope  cutter  cable  free 

cameras  set 

Newtonian  reference 

calibration  target 

targets  in  view  of  cameras 

padding 

correct  timers  charged 
gate  trigger  established 
timing  lights  on 
doors  locked 
final  positioning 
correct  pressure  system  used 
pendulum  raised 
power  on 

all  pressure  connections  secured 
zero  piston  accelerometer 
head  and  neck  angles 
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Head  Impact  1 
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HEAD  IMPACT  2 


Test  No. 


TASK  TIME  COMMENTS 


Reposition  as  for  tap. 


Check  spinal  brace 
and  head  catch. 

• 

Final  positioning 

Measure  and  record 
head  and  neck  angles 

Setup  photos. 

Start  pressurization 
of  vascular  and 
cerebrospinal  systems. 

Final  checklist. 

Finish  pressurization. 

Run  test. 
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Head  Imoac 


2-44 


HEAD  IMPACT  2 


Timer  Box  Setup 

EQUIPMENT  TIMER  VALUES 

Impact  Delay  Run 


Gate  (from  strobe  1) 

0008 

1 

0170 

Lights  (start) 

0001 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter (start ) 

1290 

4 

0050 

Photosonics  (start) 

1000 

5 

1600 

■ 6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0001 

7 

0050 

Piston  Acceleration  Corridor 

0009 

8 

0050 

B49 


Head  Impact  2 - 


FINAL  CHECKLIST 


check  transducers 
tape  positioned 

slots  for  velocity  probe  lined  up 

both  strobes  charged 

timer  box  values  correct 

all  timer  box  switches  to  'off' 

rope  cutter  threaded  and  ready 

nylon  (rope  cutter)  string  unfrayed 

rope  cutter  cable  free 

cameras  set 

Newtonian  reference 

calibration  target 

targets  in  view  of  cameras 

padding 

correct  timers  charged 
gate  trigger  established 
timing  lights  on 
doors  locked 
final  positioning 
correct  pressure  system  used 
pendulum  raised 
power  on 

all  pressure  connections  secured 
zero  piston  accelerometer 
head  and  neck  angles 


B50 


Head  Imoact  2-46 


THORAX  FRONT  TAP 


Test  No. 


TASK 

TIME 

Place  seat  in  position 
and  square  on  pendulum. 

String  up  rope 
cutters. 

Position  subject  as 
per  figure  with  body 
and  head  harnesses. 
Protect  any  mounts  that 
may  be  hit  with  gauze 
and  padding. 

Subject  should  be  in 
normal  sitting  position 
with  back  inclined 
approx.  10®  forwards. 

Attach  ball  targets 
and  phototargets. 

Place  one  of  the 
pressure  transducers 
that  was  in  the  head  in 
the  trachea,  and  place 
the  Kulite  in  the 
descending  aorta. 

Final  positioning  and 
setup  photos  (see  fig) 

Final  checklist. 

Start  pressurization 
of  vascular  and 
respiratory  systems. 

Finish  pressurization. 

Run  test. 

COMMENTS 
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B52 


Thorax  taps  - 48 


THORAX  FRONT  TAP 


Timer  Box  Setup 

EQUIPMENT  TIMER  VALUES 

Impact  Delay  Run 


Gate  (from  strobe  1) 

0021 

1 

0170 

Lights  (start) 

000  1 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter ( start ) 

1400 

4 

0050 

Photosonics  (start) 

1000 

5 

1600 

6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0001 

7 

0050 

Piston  Acceleration  Corridor 

0012 

8 

0150 

B53 


Thorax  Taps  - 4S 


FINAL  CHECKLI S 


check  transducers 
tape  positioned 

slots  for  velocity  probe  lined  up 

both  strobes  charged 

timer  box  values  correct 

all  timer  box  switches  to  ’off’ 

rope  cutter  threaded  and  ready 

nylon  (rope  cutter)  string  unfrayed 

rope  cutter  cable  free 

cameras  set 

Newtonian  reference 

calibration  target 

targets  in  view  of  cameras 

padding 

correct  timers  charged 
gate  trigger  established 
timing  lights  on 
doors  locked 
final  positioning 
correct  pressure  system  used 
pendulum  raised 
power  on 

all  pressure  connections  secured 
zero  piston  accelerometer 
head  and  neck  ancles 
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45"  THORAX  TAP 


Test  No. 


TASK 

TIME 

COMMENTS 

Place  seat  in  position. 

String  up  rope 
cutters. 

Position  subject  as 
per  figure  with  body 
and  head  harnesses. 
Protect  any  mounts  that 
may  be  hit  with  gauze 
and  padding. 

Subject  should  be  in 
normal  sitting  position 
with  back  inclined 
approx.  10°  forwards. 

Attach  ball  targets 
and  phototargets. 

Final  positioning  and 
setup  photos  (see  fig) 

Final  checklist. 

Start  pressurization 
of  vascular  and 
respiratory  systems. 

Finish  pressurization. 

Run  test. 
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B56 


Thorax  taps  ■■  52 


45®  THORAX  TAP 


Timer  Box  Setup 

EQUIPMENT  TIMER  VALUES 

Impact  Delay  Run 


Gate  (from  strobe  1) 

0021 

1 

0170 

Lights  (start) 

0001 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter ( start ) 

1400 

4 

0050 

Photosonics  (start) 

1000 

5 

1600 

6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0001 

7 

0050 

Piston  Acceleration  Corridor 

0012 

8 

0150 

B57 
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FINAL  CHECKLIST 


check  transducers 
tape  positioned 

slots  for  velocity  probe  lined  up 

both  strobes  charged 

timer  box  values  correct 

all  timer  box  switches  to  ’off’ 

rope  cutter  threaded  and  ready 

nylon  (rope  cutter)  string  unfrayed 

rope  cutter  cable  free 

cameras  set 

Newtonian  reference 

calibration  target 

targets  in  view  of  cameras 

padding 

correct  timers  charged 
gate  trigger  established 
timing  lights  on 
doors  locked 
final  positioning 
correct  pressure  system  used 
pendulum  raised 
power  on 

all  pressure  connections  secured 
zero  piston  accelerometer 
head  and  neck  angles 


B58 
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OPTIONAL  ARMS-UP  THOPJiX 


1 Mr 


Test  No. 


TASK 

TIME 

COMMENTS 

Place  seat  in  position. 

String  up  rope 
cutters. 

Position  subject  as 
per  figure  with  body 
and  head  harnesses. 
Protect  any  mounts  that 
may  be  hit  with  gauze 
and  padding. 

Subject  should  be  in 
normal  sitting  position 
with  back  inclined 
approx.  10®  forwards. 

Attach  ball  targets 
and  phototargets. 

Final  positioning  and 
setup  photos  see 
drawings  and  figures  by 
♦♦♦PAULA  LUX^^^ 

Final  checklist. 

Start  pressurization 
of  vascular  and 
respiratory  systems. 

Finish  pressurization. 

Run  test. 

B59 


'horax  taps  - 55 


BOO 


Thcrax  taps  - 56 


OPTIONAL  ARMS “UP  THORAX  TAP 


Timer  Box  Setup 


EQUIPMENT  TIMER  VALUES 


Impact  Delay  Run 


Gate  (from  strobe  1) 

0021 

1 

0170 

Lights  (start) 

0001 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter ( start ) 

1400 

4 

0050 

Photosonics  (start) 

1000 

5 

1600 

6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0001 

7 

0050 

Piston  Acceleration  Corridor 

0012 

8 

0150 

B61 


Thorax  Taps  - 57 


FINAL  CHECKLI ST 


check  transducers 
tape  positioned 

slots  for  velocity  probe  lined  up 

both  strobes  charged 

timer  box  values  correct 

all  timer  box  switches  to  ’off’ 

rope  cutter  threaded  and  ready 

nylon  (rope  cutter)  string  unfrayed 

rope  cutter  cable  free 

cameras  set 

Newtonian  reference 

calibration  target 

targets  in  view  of  cameras 

padding 

correct  timers  charged 
gate  trigger  established 
timing  lights  on 
doors  locked 
final  positioning 
correct  pressure  system  used 
pendulum  raised 
power  on 

all  pressure  connections  secured 
zero  piston  accelerometer 
head  and  neck  angles 


B62 
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ARMS -DOWN.  THORAX  TAP 


Test  No. 


TASK  1 TIME 

COMMENTS 

Place  seat  in  position. 

String  up  rope 
cutters. 

Position  subject  as 
per  figure  with  body 
and  head  harnesses. 
Protect  any  mounts  that 
may  be  hit  with  gauze 
and  padding. 

Subject  should  be  in 
normal  sitting  position 
with  back  inclined 
approx.  10®  forwards. 

Attach  ball  targets 
and  phototargets. 

Final  positioning  and 
setup  photos  (see  fig) 

Final  checklist. 

Start  pressurization 
of  vascular  and 
respiratory  systems. 

> 

Finish  pressurization. 

Run  test. 
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BG4 


Thorax  taps  - 60 


ARMS -DOWN  THORAX  TAP 


Timer  Box  Setup 

EQUIPMENT  TIMER  VALUES 

Impact  Delay  Run 


Gate  (from  strobe  1) 

0021 

1 

0170 

Lights  (start) 

0001 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter (start) 

1400 

4 

0050 

Photosonics  (start) 

1000 

5 

1600 

6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0001 

7 

0050 

Piston  Acceleration  Corridor 

0012 

8 

0150 

B65 


Thorax  Taps  - 6 


FINAL  CHECKLIST 


check  transducers 
tape  positioned 

slots  for  velocity  probe  lined  up 

both  strobes  charged 

timer  box  values  correct 

all  timer  box  switches  to  ’off 

rope  cutter  threaded  and  ready 

nylon  (rope  cutter)  string  unfrayed 

rope  cutter  cable  free 

cameras  set 

Newtonian  reference 

calibration  target 

targets  in  view  of  cameras 

padding 

correct  timers  charged 
gate  trigger  established 
timing  lights  on 
doors  locked 
final  positioning 
correct  pressure  system  used 
pendulum  raised 
power  on 

all  pressure  connections  secured 
zero  piston  accelerometer 
head  and  neck  angles 


BGG 
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THORAZ  IMPACT 


Test  No. 


TASK 

TIME 

COMMENTS 

Reposition  for 
shoulder  (arms  down) 
impact. 

Set  up  catch  net. 

Slacken  body  harness. 

Start  pressurization 
of  vascular  and 
respiratory  systems. 

Final  checklist. 

Finish  pressurization. 

Run  test 
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ARMS -DOWN  THORAX  IMPACT 


Timer  Box  Setup 

EQUIPMENT  TIMER  VALUES 

Impact  Delay  Run 


Gate  (from  strobe  1) 

0006 

1 

0170 

Lights  (start) 

0001 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter ( start ) 

1220 

4 

0050 

Photosonics  (start) 

1000 

5 

1600 

6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0002 

7 

0050 

Piston  Acceleration  Corridor 

0006 

8 

0050 
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FINAL  CHECKLIST 


check  transducers 
tape  positioned 

slots  for  velocity  probe  lined  up 

both  strobes  charged 

timer  box  values  correct 

all  timer  box  switches  to  ’off’ 

rope  cutter  threaded  and  ready 

nylon  (rope  cutter)  string  unfrayed 

rope  cutter  cable  free 

cameras  set 

Newtonian  reference 

calibration  target 

targets  in  view  of  cameras 

padding 

correct  timers  charged 
gate  trigger  established 
timing  lights  on 
doors  locked 
final  positioning 
correct  pressure  system  used 
pendulum  raised 
power  on 

all  pressure  connections  secured 
zero  piston  accelerometer 
head  and  neck  angles 


B69 


Thorax  Impact 
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PELVIS  IMPACT 


Test  No. 


TASK  TIME  COMMENTS 


Install  pelvic 
and  spinal 
accelerometers . 
Stuff  and  sew.  Pad 
pelvic  plate. 


Attach  ball  targets 
and  phototargets. 

Change  padding  on 
impact  head  surface. 

Final  positioning, 
setup  photos  (see  fig) 

Final  checklist. 

Run  test. 
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B77 


Pelvis  impact  - 67 


PELVIS  IMPACT 


Timer  Box  Setup 

EQUIPMENT  TIMER  VALUES 

Impact  Delay  Run 


Gate  (from  strobe  1) 

0006 

1 

0170 

Lights  (start) 

0001 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter ( start ) 

1220 

4 

• 0050 

Photosonics  (start) 

1000 

5 

1600 

6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0002 

7 

0050 

Piston  Acceleration  Corridor 

0006 

8 

0050 

B72 


Pelvis  Impact  - 68 


FINAL  CHECKLIST 


check  transducers 
tape  positioned 

slots  for  velocity  probe  lined  up 

both  strobes  charged 

timer  box  values  correct 

all  timer  box  switches  to  'off' 

rope  cutter  threaded  and  ready 

nylon  (rope  cutter)  string  unfrayed 

rope  cutter  cable  free 

cameras  set 

Newtonian  reference 

calibration  target 

targets  in  view  of  cameras 

padding 

correct  timers  charged 
gate  trigger  established 
timing  lights  on 
doors  locked 
final  positioning 
correct  pressure  system  used 
pendulum  raised 
power  on 

all  pressure  connections  secured 
zero  piston  accelerometer 
head  and  neck  angles 


B73 


Pelvis  Impact  - 69 


POST  TEST  PROCSDURE 


TASK 

TIME 

Remove  all  targets 
and  tria;s  clusters. 

Store  cadaver  if 
necessary . 

Transport  cadaver  to 
anatomy  lab. 

Remove  all 
instrumentation , 
except  for  9AZ 
head  plate. 

Remove  head  and 
transport  it  to  X-Ray 
Room  for  post  test 
radiographs . 

COMMENTS 


2-2 

(Profile) 


2-Y 

(Frontal) 
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X-RA7S  (X-RAY  ROOM) 


Reference 

Point 

Z-X  Distance 
from  Table 

Z-Y  Distance 
from  Table 

R.  Eye 

i 

L.  Eye 

R.  Ear 

L.  Bar 

Q1 

Q2 

Q3 

CG 

KVP  MA  SEC  LABEL 

Z-X  / / / (100/10/1) 

2-y  / / / (100/10/1) 
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Post  test  - 71 


AUTOPSY 


TASK 

TIME 

COMMENTS 

After  completion 
of  radiographs, 
transport  head 
to  Anatomy  Room 
for  commencement 
of  Autopsy. 

Autopsy 

♦♦SAVE  RIBS  RIGHT 
SIDE  4,  5, 
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Observed  Injuries 

1.  Head:  a.  Brain  b.  Kull 


2.  Neck: 


3.  Thorax:  a.  Ribs  b.  Heart  c.  Lungs  d 


4.  Pelvis: 


5 .  Femur 


6 .  Abdomen 


Diaphragm 


B77 
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i 


Wpb.';  rir^:&-xU  . .i>  1;  - i V ■'■  td.i'R 


COMMENTS : 


.Ti  r ■ ■.■■;  rj<i  A 


vt'/ 
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Autopsy 
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I 


TEST  NO. 


Anterior  View 


Inferior  View 


B80 


TEST  NO 


B81 


B82 


Poilrrinr  crtcl>cllar  Molcii 


B83 


TEST  NO. 


ANTERIOR  THORAX 


B84 


Test  No . 


B8G 


TEST  NO. 


Spleea 


Pancreas 


Duodenum 


B87 


Test  No. 


LEFT  SIDE 


B88 


TEST  NO. 


B89 


Anierior  View  of  Pericardium  and  Diaphragm 


Left  Side  View  of 
Pericardium  and 
Diaphragm 


LIVER  IMPACT  AUTOPSY  SUMMARY 


ES"  NO. 


j 

i 

I 

! SUPERIOR  SURFACE  OF  THE  LIVER 


VISCERAL  SURFACE  OF  THE  UVER 
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PAiaiA 


TEST  NO. 
DATE 


Right  Left 


LOWER  EXTREMITIES 
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TEST  NO. 


B93 


TEST  NO. 


B94 


CERVICAL  VERTEBRAE 


TEST  NO. 


B95 


TEST  NO. 


G^ss  Secricn 


B96 


THORACIC  VERTEBRAE  ( T1  - T4 ) 
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POSTERIOR  ANTERIOR 


THORACIC  VERTEBRAE  (T1-T4) 


TEST  NO. 


B9C 


APPENDICES 


Anatomy  Room  Setup 
Sled  Lab  Setup 
Cart  Setup 
Autopsy  Setup 
Timer  Box  Setup 
Pendulum  Wierdness 
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Appendices  “ 75 


MEASUREMENT 


Anthropometer 

_____  Metric  measuring  tape 
PAPER  AND  PLASTICS 

Visqueen  on  autopsy  table 

Blue  pads  on  table 

Gauze 

TAPES  AND  STRINGS 
Silver  tape 

Masking  tape 

_____  Adhesive  tape 
Fiber  tape 

Flat  waxed  string 

SCALPELS 

2 large  i^B)  handles 

2 medium  (#4)  handles 

2 small  {^3)  handles 

2 #60  blades 

_____  5 #22  blades 

5 #15  blades 

2 #12  blades 

FORCEPS 

2 hooked 

2 large  plain 

2 small  plain 


BlOO 


Anatomy  Room  Setup  - 76 


HEMOSTATS 


needle 

small  straight 

small  curved 

large  straight 

large  curved 

SCISSORS 

2 small 

2 medium 

2 large 

SPREADERS 

2 large 

2 medium 

NEEDLES 

2 double  curved 

8 Trocar  with  stainless  steel  lockwire 

2 5cc  sringes 

CLOTHING 

Tampons 

Thermoknit  longjohns  and  top 

Cotton  socks 

Blue  vinyl  pants  and  top 

Head  and  body  harnesses 


BlOl 


Anatomy  Room  Setup  - 77 


PRESSURI Z ATI ON 


Modified  Foley  (#18  or  #20)  balloon  catheters 

Kulite  shield 

Tracheal  tube 

Right  and  left  carotid  pressurization  catheters 

(Foley  #10-14) 

Cerebral  spinal  catheter  (Foley  #14-16) 

Respiratory  pressure  tank 

Manometer 

Fluid  pressure  tank 

7%  saline  solution  with  India  ink 
BOLTS  AND  SCREWS 

6 self-tapping  lag  bolts 

3 lengths  of  wood  screws 

1-72  screws 

10-32  tap 

Strain  relief  bolt 

Wood  and  metal  self-tapping  screw  boxes 

MOUNTS 

Spine ( 2 ) 

Rib  ( 2 , tr iax ) 

Rib  (2,  uniax,  R-L) 

Nine-accelerometer  plates  (large,  small,  and  8 feet) 

Sternum 

Substernale 

Suprasternale  (triax) 

Dental  acrylic 

Bone  wax 
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Anatomy  Room  Setup  - 78 


. TOOLS 


Electric  hair  clippers 
Electric  drill 

Drill  bits  (Nc.  1,  approx.  1/16",  etc.) 
large  and  small  screwdrivers 
nut  driver  (for  lag  bolts) 
wire  twisters 
bone  shears 

Executive  Slinky  object  space  calibrated  and  nearly 
functional 


BIOS 


Anatomy  Room  Setup  - 79 


MATERIALS 


balsa  wood 

rags 

foam  (at  least  2 sheets  of  3x4  ft  6") 

Ensolite 

Styrofoam 

Dow  Et ha foam 

Overhead  support  bar 
ROPE  CUTTERS 
head,  1/8" 

pendulum  (with  spring,  3/16") 

nylon  strings  (10  24"  3/16";  10  18"  1/8") 

shock  absorber  and  styrofoam  bumper 

WEIGHTS 

stee.l  blocks  on  pendulum 

MI SCELLANEOUS 

calculator 
bone  wax 

Pressurization  equipment  (pulmonary,  thoracic 

arterial,  head  arterial,  cerebral  spinal) 

Timer  box 

Strobes 

Head  impact  back  brace  and  foam  padding 
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Sled  Lab  Setuc  - 30 


TAPES 


adhesive 

fiber 

silver 

masking 

black 

double  stick 

PAPER  AND  PLASTI C 

blue  pads 

gauze 

gloves 

plastic  garbage  bags 

SCALPELS 

1 medium  (#4)  handle 

1 small  (#3)  handle 

2 #22  blades 

2 #15  blades 

1 #12  blade 
SURGICAL  TOOLS 

2 forceps 

2 hemostats 

large  scissors 

2 double  curved  needles 

STRING 

flat  waxed  string 

black  thread 
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Cart  Setup  - 81 


TOOLS 

small  (1-72)  screwdriver 

large  screwdriver 

nut  driver 

ball  driver  (6-32,  0-80) 

1-72  screws 

2-56  screws 

0-80  screws 

wiretwisters 

MI SCELLANSOUS 

ball  targets 

paper  targets 

bone  wax 

vaseline 

Q-tips 

tubing  connectors 

tie  wraps 

lockwire 

50cc  syringe 

pulmonary  pressurization  relief  valves 
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Cart  Setup 


AUTOPSY  SETUP 


PAPER  AND  PLASTICS 

Visqueen  on  autopsy  table 

blue  pads 

gauze 

TAPE 

silver  tape 

masking  tape 

fiber  tape 

SCALPELS 

2 large  (#8)  handles 

2 medium  (#4)  handles 

2 small  (#3)  handles 

2 #60  blades 

5 #22  blades 

5 #15  blades 

2 #12  blades 

FORCEPS 

2 hooked 

2 large  plain 

2 small  plain 

HEMOSTATS 

needle 

small  straight 

small  curved 

large  straight 

large  curved 
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Autopsy  Setup 


83 


SCISSORS 


2 small 

2 medium 

2 large 
SPREADERS 

3 medium 

3 large 

MI  SCELLANEOUS 

Stryker  saw  and  blade 

bone  shears 

wedge 

rib  cutters 


BIOS 


Autopsy  Setup  - 84 


TIMER  BOX  SETUP 


EQUIPMENT  TIMER  VALUES 


Impact  Delay  Run 


Gate  (from  strobe  1) 

0012-y 

1 

0150 

Lights  (start) 

0001 

2 

2600 

HyCam  (start) 

1200 

3 

1600 

Pendulum  rope  cutter ( start ) 

2200-x* 

4 

0050 

Photosonics  (start) 

1000 

5 

1600 

6 

Head,  pelvis,  rope  cutter 
(from  velocity  probe) 

0001 

7 

0050 

Piston  Acceleration  Corridor 

1 + 2 

8 

0050-0 1 50 

* X obtained  from  elliptic  integral  of  the  first  kind.  For 
100®  .87  sec,  20  ® .70  sec.  y=angle/20  Z*210/angle 
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Timer  Box  Setup  - 85 


PENDULUM  WEIRDNESS 


Average 

60.84 

61.00 

61.26 

61.56 

Standard 

Deviation 

±.28 

±.37  • 

±.05 

±.23 

Period 

3.042 

3.050 

3.063 

3.078 

(MGL/I )t2 

2.065 

2.060 

2.051 

2.041 

t/2pi 

.484 

.485 

.487 

.489 

BllO 


Pendulum  Wierdness  - 36 


12.0  APPENDIX  D:  ANTHROPOMETRY 


HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.;  ppp ^DURATION  OH  BED  CONFINEMENT  Unknown 

AGE:  60 SEX:  M ^CAUSE  OF  DEATH:  Unkncwn 

PHYSICAL  APPE.ARANCE:  Caucasian  daTF  OF  DEATH:  3/21/82 


ANOMALY:  None 


ANTHROPONETRY 

0 - Weight’ ^9 

1 . Stature  •• 

2 “ Shoulder  (acromial)  Height 159.4  cn  62.8  1n 

3 - Vertex  to  Symphysion  Length 91-2  cm  35.9  in 

4 - Waist  Height 109.8  43.2  in 

5 - Shoulder  Breadth  (Biacromial  Breadth) 12.5in 

6 - Cnest  Breadth 27 . 9 cn  1 1 i n 

7 - Waist  Breadth 29.2  cm  1 1 .5  in 

8 - Hip  Breadth 25  cm 9.8  in 

9 - Shoulder  to  Elbow  Length  (Acromion^radiale  ♦ . 999  999 

Length) 

10  - Forearm-hand  Length  (elbow-middle  finger) — . 999  999 

11  - Tibiale  Height 999 999 

12  - Ankle  Height  (outside)  (lateral  malleous) . . . . 999  999 

13  - Foot  Breadth 999  999 

14  - Foot  Length 999  999 


Note;  * weight  in  kilograms 

**  lengths  in  centimeters 

• * measures  16  and  17  must  be  tu:ije  in  case  where  the  subject  will  be  used 
in  the  seated  position  durjiiy  the  tests.  In  all  ctlier  cases  enter 

yy9i>  when  under  these  measures. 

82E001-3 

LABORATORY  IJMTRI  - ' 


15  - Top  of  Head  to  Trochanterion  Length... 

16  - Seated  Height*** 

17  - Knee  Height  (seated)*** 

18  - Head  Length 

19  > Head  Breadth 

20  - Head  to  Chin  Height  (Vertex  to  Mentuin) 

21  - Biceps  Circumference 

22  - Elbow  Circumference 

23  - Forearm  Circumference 

24  - IVrist  Circumference 

25  - Thigh  Circianference 

26  - Lower  Thigh  Circumference 

27  - Knee  Circumference 

28  - Calf  Circumference 

29  - Ankle  Circumference 

30  - Neck  Circumference 

31  - Scye  (armpit- shoulder)  Circumference. 

32  - Chest  Circumference 

33  - Waist  Circumference 

34  > Buttock  Circumference 

35  - Chest  Depth 

36  - Waist  Depth 

37  - Buttock  Depth 

38  - Interscye 

LABORATORY UMTRI 


00 

oo 

n 

3 

34.8  in 

999 

999 

999 

999 

19.7  cm 

7.8  in 

15.7  cm 

6.2  in 

. 22.8  cm 

9 in 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

32 . 3 cm 

12.7  in 

999 

999 

79.3  cm 

31.2  in 

999 

999 

999 

999 

15.8  cm 

6.2  in 

999 

999 

999 

999 

999 

999 

82E001-3 

TEST  .NO.  82EQQi4-I 82E008 


D3 


HUMAN  SUBJECT  iNFORhJATION 


CADAVER  NO.:  n20 DURATION  OF  BED  CONFINEMENT  pnknnwn 

PHYSICAL  APPEARANCE:  Caucas  i an DATE  OF  DEATH:  3/23/82 


ANOMALY : Excessive  fat  increased  time  required  for  spinal  mounts 


ANTHROPOMETRY 


0 - 

Weight* 

77  ka 

1 - 

Stature** 

179.8  cm 

2 . 

Shoulder  Cacromiall  Height 

156  cm 

61  .4 

in 

3 - 

Vertex  to  Symohysion  Length 

88.5  cm 

34.8 

in 

4 - 

Waist  Height 

1Q7.3  cm 

42.2 

in 

c _ 

Shoulder  Breadth  (Biacromial  Breadth) 

33.2  cm 

13.1 

in 

6 - 

Chest  Breadth 

32.7  cm 

12.9 

in 

7 - 

Waist  Breadth 

24  cm 

9.4  • 

in 

8 - 

Hip  Breadth 

36  cm 

14.2 

in 

9 _ 

Shoulder  to  Elbow  Length  (Acromion- rad iale  .. 

999 

999 

Length) 

10  - 

Forearm-hand  Length  (elbow-middle  finger).... 

999 

999 

11  - 

Tibiale  Height 

999 

999 

12  - 

Ankle  Height  (outside)  (lateral  malleous) . . . . 

999 

999 

IS  - 

Foot  Breadth 

999 

999 

14  - 

Foot  Length 

999 

999 

Note:  * weight  in  kilograms 

**  lengths  in  centimeters 

*»*•  measures  16  and  17  must  be  u:aJe  in  case  where  the  subject  will  be  used 
in  the  seated  position  duriii'^  the  tests.  In  all  ctlier  cases  enter 
9y99  when  under  these  measures. 

82E021-22 

LABORATORY  umtri 04 TEST  NO.  ft?trn?^-_2  7 


UN.TR  I 


15  - Top  of  Head  to  Trochanterion  Length... 

16  - Seated  Height*** 

17  - Knee  Height  (seated)*** 

18  - Head  Length 

19  - Head  Breadth 

20  - Head  to  Cnin  Height  (Vertex  to  Mentum) 

21  - Biceps  Circumference 

22  - Elbow  Circumference 

25  - Forearm  Circumference 

24  - Wrist  Circumference 

25  - Thigh  Circxjmference 

26  - Lower  Tnigh  Circumference 

27  - Knee  Circumference 

28  - Calf  Circumference 

29  - Ankle  Circumference 

30  - Neck  Circumference. 

31  - Scye  (armpit-shoulder)  Circiaaf erence . 

32  - Chest  Circumference 

33  - Waist  Circumference 

34  - Buttock  Circumference 

35  - Chest  Depth 

36  - Waist  Depth *. 

37  - Buttock  Depth 

38  - Interscye 

LABORATORY  UMTR I 


235 m. 


999 

999 

999 

999 

21  cm 

8.2  in 

15.8  cm 

6.2  in 

2 A. 9 cm 

9.8  in 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

A2  cm 

16.5  in 

999 

999 

. 99  cm 

39  in 

999 

999 

999 

999 

22.2  cm. 

8.7  in 

999 

999 

999 

999 

999 

999 

82E021-22 

TEST  NO.  82E023-27  82E028 
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HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.:  nLo DURATION  OF  BED  CONFINEMENT  Unknown 

AGE:  SEX:  h CAUSE  OF  DEATH:  Myocardial  infarction 

PHYSICAL  APPEAR.ANCE:  Caucasian DATE  OF  DEATH:  3/27/82 


ANOMALY : Upper  ribs  very  close  together  and  embedded  in  deep  fat. 


ANTHROPOMETRY 

0 - Weight* 87  kg 

1 - Stature** 169.2  cm 

2 - Shoulder  (acromial^  Height 146.7  cm  57.8  in 

0 - Vertex  to  Symphysior  Length 81.8  cm  32.2  in 

4 - Waist  Height 102  cir  40.2  in 

£ - Shoulder  Breadth  (Biacromial  Breadth) 35-  4 cm  13.9  1n 

6 - Chest  Breadth 32.7  cm  12.9  in 

7 - Waist  Breadth ^2  cm  12.6  in 

8 - Hip  Breadth 33-5  cm 13.2  in 


9  - Shoulder  to  Elbow  Length  (Acrooion-radiale  .. 

Length) 


10  - Forearm-hand  Length  (elbow-middle  finger) ■ 999 221 

11  - Tibiale  Height 999 99£ 

12  - Ankle  Height  (outside)  (lateral  malleous) 999 999 

IS  - Foot  Breadth 999  999 

14  - Foot  Length 999  999 


Note: 


weight  in  kilograms 


lengths  in  centimeters 


measures  16  and  17  must  be  ii::iJe  in  case  where  the  subject  will  be  used 
in  the  seated  position  duriir^  the  tests.  In  all  other  cases  enter 


9999  when  under  these  measures. 


D6 


82E041-42 

TEST  NO.  82E043-48  82E049 


UBORATORY 


UMTRI 


15  - Top  of  Head  to  Trochanterion  Length... 

16  - Seated  Height*** 

17  - Knee  Height  (seated)*** 

18  - Head  Length 

19  - Head  Breadth 

20  - Head  to  Cnin  Height  (Vertex  to  Mentum) 

21  - Biceps  Circumference 

22  - Elbow  Circumference 

23  - Forearm  Circumference 

24  - IVrist  Circumference 

25  - Thigh  Circumference 

26  - Lower  Thigh  Circumference 

27  - Knee  Circumference 

2S  - Calf  Circumference 

29  - Ankle  Circumference *. 

30  - Neck  Circumference 

31  - Scye  (armpit-shoulder)  Circumference. 

32  - Chest  Circumference 

53  - Waist  Circumference 

34  - Buttock  Circumference 

35  - Chest  Depth 

56  - Waist  Depth 

37  - Buttock  Depth 

3B  - Interscye. 

LABORATORY UMTRI 


m 999 


999 

999 

_ 999 

999 

20  cm 

7.9  in 

16.5  cm 

6.5  in 

2 1 . L cm 

8.4  in 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

50.  ^ cm 

19.8  in 

999 

999 

104.5  cm 

41.1  in 

999 

999 

999 

999 

23.8  cm 

9.4  in 

999 

999 

999 

999 

999 

999 

TEST  .NO.  R7PnLA-Vfi  82EO^Q 
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1 


HUMAN  SUBJECT  INFORMATION 

CADAVER  NO.;  QSO DURATION  OF  BED  CONFINEMENT  Unknoivn 

AGE:  60  SEX:  M CAUSE  OF  DEATH:  Coronary  thrombosis 

PHYSICAL  APPE.ARANCE:  Caucas  i an DATE  OF  DEATH;  6/7/82 


ANOMALY : -Right  and  left  ribs  RL-R5  broken,  probably  from  CPR. 


ANTHROPOMETRY 

0 - Weight* 67  kg 

1 - Stature**. 180.2  cm 

2 - Shoulder  (acromial^  Height 155.7  an  61 .8  in 

S  - Vertex  to  Syrnphysion  Length 999  P79 

4 - Waist  Height 999  999 

5 - Shoulder  Breadth  (Biacroraial  Breadth) 37»5cm  14.8  in 

6 - Chest  Breadth 993  999 

7 - Waist  Breadth 999  999 

8 - Hip  Breadth 999 999 

9 - Shoulder  to  Elbow  Length  (Acroiaion-radiale  . . 999  999 

Length) 

10  - Forearm-hand  Length  (elbow-middle  finger)....  999  999 

11  - Tibiale  Height 222 999 

12  - Ankle  Height  (outside)  (lateral  malleous) 999 999 

13  - Foot  Breadth 999  999  _ 

14  - Foot  Length 999 999  . 


Note:  * weight  in  kilograms 

**  lengths  in  centimeters 

***  measures  16  and  17  must  be  iu:ide  in  case  where  the  subject  vvill  be  used 
in  the  seated  ])Osition  duriiii;  the  tests.  In  all  ether  cases  enter 
9999  when  under  these  measures. 


UB  ORATORY 


UMTRI 


DO 


TEST  NO.  82E051-53 


15  - Top  of  Head  to  Trochanterion  Length 993  qqq 

16  - Seated  Height*** 999 999 

17  - Knee  Height  (seated)*** 999 999 

18  - Head  Length 20  cm 7.9  in 

19  - Head  Breadth 16.2  cm 6.4  in 

20  " Head  to  Cnin  Height  (Vertex  to  Mentum) 999  999 

21  - Biceps  Circumference 999 999 

22  - Elbow  Circumference 999  999 

23  - Forearm  Circumference 999  999 

24  - Wrist  Circumference..... 999  999 

25  - Thigh  Circumference 999  999 

26  - Lower  Thigh  Circumference ^^9  999 

27  - Knee  Circumference 999  999 

2S  - Calf  Circumference ^^9  999 

29  - Ankle  Circumference : 999 

30  - Neck  Circumference rm  i e;  q i n 

31  - Scye  (armpit-shoulder)  Circximference ggq  qqq 

32  - Chest  Circumference ggg  qqq 

33  - Waist  Circumference....... ggg  999 

34  » Buttock  Circumference 999  999 

33  - Qiest  Depth 222 999 

56  - Waist  Depth ' 999  999 

37  - Buttock  Depth 999  999 

38  - Interscye 999  999 

LABORATORY  UMTRl  TEST  N’O. 
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HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.:  nAn DURATION  OF  BED  CONFINEMENT  Unkno.»n 

PHYSICAL  APPEARANCE:  Caucasian DATE  OF  DEATH:  6/1/82 


ANOMALY : ■ None 


ANTHROPOMETRY 

0 - Weight* 

^7  lea 

1 - Stature** 

169.8 

cm 

2 - Shoulder  (acromial)  Height 

148.4 

cm 

58.4 

in 

S - Vertex  to  SymphysiOTi  Length 

86.  1 

cm 

33,9 

in 

4 - Waist  Height 

99.8 

cm 

39.3 

in 

£ - Shoulder  Breadth  (Biacroraial  Breadth) 

34.7 

cm 

13.7 

in 

6 - Chest  Breadth 

29.1 

cm 

11.5 

in 

7 - Waist  Breadth 

23  cm 

9.1  ■ 

in 

8 - Hip  Breadth 

28.6 

cm 

11.3 

in 

9 - Shoulder  to  Elbow  Length  (Acromion-radiale  .. 

999 

999 

Length) 

10  » Forearm-hand  Length  (elbow-middle  finger).... 

999 

999 

11  - Tibiale  Height 

999 

999 

12  - Ankle  Height  (outside)  (lateral  malleous) . . . . 

999 

999 

13  “ Foot  Breadth 

999 

999 

14  - Foot  Lenpth 

999 

999 

Note:  ’ weight  in  kilograms 

**  lengths  in  centimeters 

**”'  measures  16  and  17  must  be  miiJe  in  case  where  the  subject  vvill  be  used 
in  the  seated  position  duriii;.;  the  tests.  In  all  ether  cases  enter 
9999  when  under  these  measures. 

82E061-62 

UBORATORY  mmtri  TEST  .NO.  82E067 

UBORATORY 


IIMIBI 


15  - Top  of  Head  to  Trochanterion  Length 999  999 

16  - Seated  Height*** 999  999 

17  - Knee  Height  (seated)*** 999  999 

18  - Head  Length 19.2  cm 7.6  in 

19  - Head  Breadth 15.5  cm  6.1  in 

20  - Head  to  Chin  Height  (Vertex  to  Mentum) 22 . 1 cm  8 . 7 i n 

21  - Biceps  Circumference 999 999 

22  - Elbow  Circumference 999 999 

23  - Forearm  Circumference 999  999 

24  - Wrist  Circumference 999 999 

25  - Thigh  Circumference 999  999 

26  - Lower  Thigh  Circumference 999  999 

27  - Knee  Circumference 999 

2S  - Calf  Circumference 999 

29  - Ankle  Circumference : ^^9 

30  - Neck  Circumference ^^.6  cm  17.6  in 

31  - Scye  (armpit-shoulder)  Circximference 999 

32  - Chest  Circumference 90.2  cm  35.5  in 

33  - Waist  Circimiference 

34  - Buttock  Circumference 

35  - Chest  Depth 21 .6  cm  8.5  in 

36  - Waist  Depth ^ 

999  QQQ 

37  - Buttock  Depth ^ 

, 999  999 

38  - Interscye 

82E061-62 

UBORATORY UMTRI TEST  NO.  82EO63-66  82E067 


Dll 


HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.:  °70 

AGE:  61  SEX : 


PHYSICAL  APPEARANCE: 


^DURATION  OF  BED  CONFINEMENT 


_CAUSE  OF  DEATH: 

Caus  i an  . DATE  OF  DF.A-ni:  9/9/82 


mknnwn 


ANOMALY : 


Ribs  broken  during  CPR  attached 

to  sternum  with  wire. 
ANTHROPOMETRY 

Wei  ght  * 

Stature** 

Shoulder  (acromial)  Height 


Vertex  to  Symphysion  Length... 


- Waist  Height 


6 - Chest  Breadth 

7 - Waist  Breadth 

8 - Hip  Breadth 

9 - Shoulder  to  Elbow  Length  (Acrooion-radinle  .. 

Length) 


999 


999 


999 


999 


10  - Forearm-hand  Length  (elbow-middle  finger) .... 

11 
1 7 


999 


- 


Tibiale  Height 

Ankle  Height  (outside)  (lateral  malleous) 999 

Foot  Breadth 999 


14  - Foot  Length 999 


55  kg 


61.4  in 


999 


999 


- Shoulder  Breadth  (Biacromial  Breadth) 36. Z cm 


999 


999 


999 


999 


999 


.m 


999 


Note:  * weight  in  kilograms 

**  lengths  in  centimeters 

measures  16  and  17  must  be  iu:»de  in  case  where  the  subject  vcill  be  used 
in  the  seated  position  durinj;  the  tests.  In  all  ether  cases  enter 
9y9i>  when  under  these  measures. 


UBORATORY 
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TEST  NO, 


UMTRI 


82E071 


15  - Top  of  Head  to  Trochanterion  Length 


16  - Seated  Height*** 

999 

999 

17  - Knee  Height  (seated)*** 

999 

999 

18  - Head  Length 

8.1  in 

19  - Head  Breadth 

6 in 

20  - Head  to  Chin  Height  (Vertex  to  Mentum) . . 

999 

999 

21  - Biceps  Circumference 

PPQ 

999 

22  - Elbow  Circumference 

.....  999 

999 

23  - Forearm  Circianference 

999 

999 

24  - Wrist  Circmference 

999 

999 

2S  - Thigh  Circumference 

999 

999 

26  - Lower  Thigh  Circumference 

999 

999 

27  - Knee  Circumference 

999 

999 

2S  - Calf  Circumference 

999 

999 

29  - Ankle  Circumference 

999 

^99 

30  - Neck  Circumference 

32  cm 

12.6  in 

31  - Scye  (armpit- shoulder)  Circianf erence . . . 

999 

999 

32  ■»  Chest  Circumference.., 

999 

999 

33  - Waist  Circumference...... 

999 

999 

34  - Buttock  Circumference.. 

999 

999 

35  - Chest  Depth 

999 

999 

56  - Waist  Depth 

999 

999 

37  - Buttock  Depth 

999 

999 

38  - Interscye 

999 

999 

LABORATORY  UMTR 1 

TEST  NO. 

82E071 

D13 


HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.:  079 DURATION  OF  BED  CONFINEMENT  Unknown 

51 SEX:  ^CAUSE  OF  DEATH:  Mvncardifll  infarntinn 

P.HYSICAL  APPE.AR.ANCE:  Caucasian DATE  OF  DEATH:  2/26/83 


ANOMALY:  Structures  weakened  from  CPR. 


ANTHROPOMETRY 

0 - Weight* 83  kg 

1 - Stature** 169  cm 

2 - Shoulder  (acromial)  Height 146.5  err  57.7  in 

3 - Vertex  to  SymphysiOTr  Length 999  999 

4 - Waist  Height 999  999 

5 - Shoulder  Breadth  (Biacromial  Breadth) 30.4  cm  12  in 

6 - Chest  Breadth cm  13.5  in 

7 - Waist  Breadth 999 

8 - Hip  Breadth OR in 


Shoulder  to  Elbow  Length  (Acromion -radio le 

Length) 


10  - Forearm-hand  Length  (elbow-middle  finger) ....  9QQ  qq.q 

11  - Tibiale  Height 999 

12  - Ankle  Height  (outside)  (lateral  malleous) . . . . 999  999 

13  - Foot  Breadth... 999  999 

14  - Foot  Length 999  999_ 


Note:  * weight  in  kilograms 


**  lengths  in  centimeters 


***  measures  16  and  17  must  be  lunJe  in  case  where  the  subject  vvill  be  used 
in  the  seated  ]>osition  durjng  the  tests.  In  all  ether  cases  enter 

9y9y  when  under  these  measures. 


UBORATORY 
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TEST  NO.  83E076 


UMTRl 


15  - Top  of  Mead  to  Trochanterion  Length 


999 


999 


16  - Seated  Height*** 

17  - Knee  Height  (seated)*** 

18  - Head  Length 

19  - Head  Breadth 

20  - Head  to  Chin  Height  (Vertex  to  Mentum) 

21  - Biceps  Circumference 

22  - Elbow  Circumference 

23  - Forearm  Circumference 

24  - Wrist  Circmference 

25  - Thigh  Circijmference 

26  - Lower  Thigh  Circumference 

27  - Knee  Circumference 

2S  - Calf  Circumference 

29  - Ankle  Circumference 

30  - Neck  Circumference 

31  - Scye  (armpit-shoulder)  Circimf erence . 

32  - Chest  Circumference 

33  - Waist  Circumference 

34  - Buttock  Circumference 

35  - Chest  Depth 

36  - Waist  Depth 

37  - Buttock  Depth 

38  - Interscye... 

LABORATORY  | imtr  T 


999 

999 

999 

999 

20  cm 

7.8  in 

. 16  cm 

6.3  in 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

36  cm 

14.2  in 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

TEST  NO.  83E076 


D15 


HUMAN  SUBJBGT  INFORMATION 

CADAVER  NO.;  080 DURATION  OH  BED  CONFINEMENT  Unknown 

AGE:  44 SEX:  M ^CAUSE  OF  DEATH:  Pulmonary  edema 

P.HYSICAL  APPE.AR.ANCE:  Caucasian  datf  of  DEATH:  V6/83 


ANOMALY : • Left  rib  R4  weakened.  Sternum  weakened. 


ANTHROPOMETRY 

0 - Weight* 72  J.P 

1 > Stature** 171  rm 

2 - Shoulder  (acromial)  Height 1 47  4 rrr; S8  in 

5 - Vertex  to  Symphysior  Length 88  rm  J4.6  in 

4 - Waist  Height 8Q-F  rm 35.2  in 

£ - Shoulder  Breadth  (Biacromial  Breadth) 32.5  cm  12.8  in 

6 - Chest  Breadth; 33.8  cm  13.3  in 

7 - Waist  Breadth 25  cm  9.8  in 

8 - Hip  Breadth 31 .4  cm  12.4  in 


9  - Shoulder  to  Elbow  Length  ( Acr onion -radiale  .. 

Length) 


10  - Forearm-hand  Length  (elbow-middle  finger) ....  999  999 

11  - Tibiale  Height 999 999 

12  - Ankle  Height  (outside)  (lateral  malleous) 999 999 

13  - Foot  Breadth 999  999 

14  - Foot  Length 999  999 


Note:  * weight  in  kilograms 

**  lengths  in  centimeters 

***  measures  16  and  17  must  be  iu;iJe  in  case 
in  the  seated  position  duriii^  the  tests 
9999  when  under  these  measures. 

UEORATORY  UMTRI 


where  the  subject  will  be  used 
In  all  ether  cases  enter 

83E081-82 

TEST  NO.  83E083-86  83E087-88 


15  - Top  of  Head  to  Trochanterion  Length 999  qqq 

16  - Seated  Height*** 999  999 

17  - Knee  Height  (seated)*** 999  999 

18  - Head  Length 19.8  cm 7.8  in 

19  - Head  Breadth 15.5  cm 6.1  in 

20  - Head  to  Chin  Height  (Vertex  to  Mentum) 23  cm  9.1  in 

21  - Biceps  Circumference 999 999 

22  - Elbow  Circmference 999  999 

25  - Forearm  Circumference 999 999 

24  - Wrist  Circmference 999 999 

25  - Thigh  Circiomference 999  999 

26  - Lower  Thigh  Circumference 999  999 

27  - Knee  Circumference. 999  999 

2S  - Calf  Circumference 999  999 

29  - Ankle  Circumference : 999 999 

30  - Neck  Circumference 57  cm  22.4  in 

31  • Scye  (armpit -shoulder)  Circumference ^99  999 

32  - Chest  Circumference 100  cm  39.4  in 

33  - Waist  Circumference 999 

34  - Buttock  Circumference 999  999 

35  - Chest  Depth.. 15.3  cm  6 in 

56  - Waist  Depth 999 

37  - Buttock  Depth 

38  - Interscye.. 

83EO8I-82 

UBORATORY  hmtpt TEST  HO.  R.?FnR3-ft6  83E087-88 
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HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.:  pRQ DURATION  OF  BED  CONFINEMENT  Unknown 

AGE;  62  SEX:  M CAUSE  OF  DEATH:  Myocardial  infarction 

PHYSICAL  APPEARANCE:  Caucas  i an  DATF.  OF  DEATH;  1/26/83 


ANOMALY : None 


ANTHROPOMETRY 

0 - Weight* 

1 - Stature** 

2 - Shoulder  Cacromial)  Height 

3 - Vertex  to  SymphysioTi  Length 

4 - Waist  Height 

5 - Shoulder  Breadth  (Biacromial  Breadth^. 

6 - Chest  Breadth.... 

7 - Waist  Breadth 

8 - Hip  Breadth 


9  - Shoulder  to  Elbow  Length  (Acromion-radiale  ♦ . 999 

Length) 


10  - Forearm-hand  Length  (elbow-middle  finger) . . . . 

11  - Tibiale  Height 

12  - Ankle  Height  (outside)  (lateral  malleous) 

13  - Foot  Breadth 

14  - Foot  Length. 

Note;  * weight  in  kilograms 

**  lengths  in  centimeters 


9999  when  under  these  measures. 


UBOR.ATORY 
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76  kg 

175.8  cm 

152  cm 

59.8  in 

. 84.5  cm 

33  3 in 

999 

999 

34.7  cm 

13,7  in 

34  cm 

13.4  in 

999 

999 

31.5^ 

12.4  in 

999 

999 

. QQQ 

QQQ 

999 

999 

999  

999 

999 

999 

999 

999 

where  the  subject  will  be  used 
In  all  ether  cases  enter 

TEST  NO.  83E071 

-75  83E091 

UMTR I 


15  - Top  of  Head  to  Trochanterion  Length... 

16  - Seated  Height*** 

17  - Knee  Height  (seated)*** 

18  - Head  Length 

19  - Head  Breadth 

20  - Head  to  Chin  Height  (Vertex  to  Mentum) 

21  - Biceps  Circumference 

22  - Elbow  Circumference 

23  - Forearm  Circumference 

24  - Wrist  Circumference 

25  - Thigh  Circianf erence 

26  - Lower  Thigh  Circumference 

27  - Knee  Circumference 

28  - Calf  Circumference 

29  - Ankle -Circumference. 

30  - Neck  Circumference 

31  - Scye  (armpit-shoulder)  Circumference. 

32  - Chest  Circumference 

33  - Waist  Circumference 

34  - Buttock  Circiimference 

35  - Chest  Depth. 

36  - Waist  Depth 

37  - Buttock  Depth 

38  - Interscye 

LABORATORY UMTRI 


222 m 


999 

999 

999 

999 

19.0  cm 

7.5  in 

15.3  cm 

6 in 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

37  cm 

14.6  in 

999 

999 

999 

999 

999 

999 

999 

QQ9 

999 

999 

999 

999 

999 

999 

999 

999 

TEST  KO.  8^E07l-75  S^Fngi 
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HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.:  nQO DURATION  OF  BED  CONFINEMENT  Unknown 

AGE:  SEX:  M ^CAUSE  OF  DEATH:  Cerebral  Contusion 

P.HYSICAL  APPEAR.ANCE:  Caucasian DATE  OF  DEATH: 


ANOMALY : ■ None 


ANTHROPOMETRY 


0 - Weight*. ^ 

1 > Stature** _ 

2 - Shoulder  (acromial)  Height _ 

3 - Vertex  to  Symphysion  Length _ 

4 - Waist  Height ^ 

5 - Shoulder  Breadth  (Biacromial  Breadth) _ 

6 - Chest  Breadth 

7 - Waist  Breadth. ^ 

8 - Hip  Breadth _ 

9 - Shoulder  to  Elbow  Length  (Acroaion-radiale  .. 

Length) 

10  - Forearm-hand  Length  (elbow-middle  finger).... 

11  - Tibiale  Height 

12  - Ankle  Height  (outside)  (lateral  malleous) 

13  - Foot  Breadth 

14  - Foot  Length 


68  kg 


180  cm 

155.4  cm  . .. 

61.2 

in 

999 

999 

999 

999 

33.3  cm 

13.1 

in 

31.9  cm 

*12.6 

in 

999 

999 

30  cm 

11.8 

in 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

Note:  * weight  in  kilograms 

**  lengths  in  centimeters 

***  measures  16  and  17  must  be  iu;»Je  in  case  where  the  subject  will  be  used 
in  the  seated  position  durjug  the  tests.  In  all  ctl^er  cases  enter 
9999  when  under  these  measures. 


UBOR.ATORY 


D20  ~£ST  no.  83E092  8^£Oq^ 


UMTRI 


15  - Top  of  Head  to  Trochanterion  Length 


999 


999 


16  - Seated  Height*** 999  999 

17  - Knee  Height  (seated)*** 999 999 

18  - Head  Length 19.4  cm 7.6  in 

19  - Head  Breadth 15.5  cm  6.1  in 

20  - Head  to  Ovin  Height  (Vertex  to  Mentum) 999  999 

21  - Biceps  Circumference 999  999 

22  - Elbow  Circumference 999  999 

23  - Forearm  Circumference 999  999 

24  - Wrist  Circumference 999  999 

25  - Thigh  Circxjmference 999  999 

26  - Lower  Thigh  Circumference 999  999 

27  - Knee  Circumference 

28  - Calf  Circvimference 999  999 

29  - Ankle  Circumference : 999  999 

30  - Neck  Circumference 37  cm  14.6  in 

31  - Scye  (armpit- shoulder)  Circumference ^^9  999 

32  - Chest  Circumference 

33  - Waist  Circumference 999 

34  - Buttock  Circumference.... 999 

35  - Chest  Depth 999 999 


36  - Waist  Depth.. 999 

37  - Buttock  Depth 999 

38  - Interscye. 999 

LABORATORY iimtpt TEST  NO.  83E092 
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HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.:  1 nO DURATION  OF  BED  CONFINEMENT  Unknown 

AGE;  60 SEX:  ^CAUSE  OF  DEATH:  Cardiac  arrest  - Carcinoma  of  Pancreas; 

PHYSICAL  APPE.ARANCE:  Caucasian DATE  OF  DEATH:  5/20/83 


ANOMALY : Right  rib  R7  is  abnormal. 


ANTHROPONETRY 


0 - Weight* - _ 

1 - Stature** 

2 - Shoulder  ( acromial])  Height _ 

3 - Vertex  to  Symphysion  Length _ 

4 - Waist  Height ^ 

5 - Shoulder  Breadth  (Biacromial  Breadth) ^ 

6 - Chest  Breadth ^ 

7 - Waist  Breadth ^ 

8 - Hip  Breadth. _ 

9 > Shoulder  to  Elbow  Length  ( Acromion -radiale  .. 

Length) 

10  - Fore arm- hand  Length  (elbow-middle  finger).... 

11  - Tibiale  Height 

12  - Ankle  Height  (outside)  (lateral  malleous) 

13  - Foot  Breadth 

14  - Foot  Length.............. 


76.5  kg 


182.3  cm 

158.5  cm 

62.4 

in 

91.7  cm 

36.1 

in 

108.6  cm 

42.8 

in 

31.4  cm 

12.4 

in 

27  cm 

10.6 

in 

31.3  cm 

12.3 

in 

33.9  cm 

13.3 

in 

999 

999 

999 

cr 

cr 

O' 

999 

999 

999 

999 

999 

999 

999 

999 

Note:  * weight  in  kilograms 

•*  lengths  in  centimeters 

***  measures  16  and  17  must  be  iu;iJe  in  case  where  the  subject  vvill  be  used 
in  the  seated  position  duriiig  the  tests.  In  all  ether  cases  enter 

9999  when  under  these  measures. 


022 


UBORATORY 


UMTRI 


83E101-103 

TEST  NO.  83E104-108  83EI09 


15  - Top  of  Head  to  Trochanterion  Length 


999 


m. 


16  - Seated  Height**'* 999 ggg 

17  - Knee  Height  (seated)*** 999 999 

18  - Head  Length 19.3  cm  7.6  1n 

19  - Head  Breadth 14.6  cm  5.7  in 

20  - Head  to  Chin  Height  (Vertex  to  Mentum) . 21.8  cm  8.6  in 

21  - Biceps  Circumference 999 999 

22  - Elbow  Circumference 999 999 

23  - Forearm  Circmference. 999 999 

24  - Wrist  Circumference 999 999 

25  - Thigh  Circumference 999  999 

26  - Lower  Thigh  Circumference 999  999 

27  - Knee  Circumference 999 

28  - Calf  Circumference 999  999 

29  - Ankle  Circumference : 999 999 

30  - Neck  Circumference., 38.3  cm  15.1  in 

31  - Scye  (armpit-shoulder)  Circumference 999 999 

32  - Chest  Circumference 91.7  cm  36.1  in 

33  - Waist  Circumference.., 

34  - Buttock  Circumference . 

35  - Chest  Depth 22.5  cm  8.9  1n 

36  - Waist  Depth .* 

37  - Buttock  Depth... 

38  - Interscye 

83E101-103 

LABORATORY  hmtrt TEST  NO,  83E1Q4-108  83E109 
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HUMAN  SUBJECT  INFORMATION 


CADAVER  NO.:  ]_22 ^DURATION  OF  BED  CONFINEMENT  Unknown 

AGE:  20 F ^CAUSE  OF  DEATH:  Renal  failure 

r.HYSICAL  A.OPE.AR.AKCE:  Neqro  datf.  OF  DEATH : 8/22/83 


rwN'OMALY:  Sores  on  skin  probably  from  needle  punctures. 


ANTHROPOMETRY 

0 - Wei  ght  * ^6  kg 

1 - Stature*’ 162.7  cm 

2 - Shoulder  (acromial)  Height, 141 .6  cm  55 .7  in 

3 - Vertex  to  Symphysion  Length 30  in 

4 - Waist  Height 99.2  cm  39.1  in 

5 - Shoulder  Breadth  (Biacromial  Breadth) 31  cm  12.2  in 

6 - Chest  Breadth .' 25.7  cm in 

7 - Waist  Breadth 21.9  cm  8.6  in 

8 - Hip  Breadth 27.2  cm ^0.7  in 

QQQ  QQQ 

9 - Shoulder  to  Elbow  Length  (Acromion-radiale  . . 

Length) 

10  - Forearm-hand  Length  (elbow-middle  finger) . . . . 999  999 

11  - Tibiale  Height 999 999 

12  - Ankle  Height  (outside)  (lateral  malleous) . . . . 999  999. 

13  - Foot  Breadth 999  999 

14  - Foot  Length 999  999 


Note:  ’ weight  in  kilograms 

” lengths  in  centimeters 

measures  16  and  17  must  be  m:iJe  in  case  where  the  subject  will  be  used 
in  the  seated  position  duriiig  the  tests.  In  all  ether  cases  enter 
9999  when  under  these  measures. 


UBORATORV 


D24 TEST  NO.  83E121A-C 


UMTRI 


15  - Top  of  Head  to  Trochanterion  Length 


72.9  cm 


28.7  in 


16  - Seated  Height*** ^ 

17  - Knee  Height  (seated)*** 

18  - Head  Length 

19  - Head  Breadth 

20  - Head  to  Q;in  Height  (Vertex  to  Mentum) 

21  - Biceps  Circumference 

22  - Elbow  Circumference 

23  - Forearm  Circumference 

24  - Wrist  Circumference 

25  - Thigh  Circumference 

26  - Lower  Thigh  Circumference 

27  - Knee  Circumference 

2S  - Calf  Circumference 

29  - Ankle  Circmference. . . .* 

30  - Neck  Circumference 

31  - Scye  (armpit-shoulder)  Circumference., 

52  - Chest  Circumference 

33  - Waist  Circumference 

34  - Buttock  Circumference 

35  - Chest  Depth 

36  - Waist  Depth 

37  - Buttock  Depth 

58  - Interscye 


999 

999 

999 

999 

18.9  cm 

7.4  in 

. IA.4  cm 

5.7  in 

. 2 A. 5 cm 

9.6  in 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

999 

32  cm 

12.6  in 

999 

999 

• 71 .4  cm 

28.1  in 

999 

999 

. . 999 

999 

17.6  cm 

6.9  in 

999 

999 

999 

999 

999 

999 

UBQRATORY  umTRI 


test  no.  8^E12IA-C 
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HUMAN  SUBJECT  INFORMATION 


ZADAVER  NO.: 

nn 

DURATION  OF  BED  CONFINEMENT  Unknown 

AGE:  57 

SEX: 

M 

CAUSE  OF  DEATH:  Acute  myocardial  infarction 

.PHYSICAL  APPE.AR.ANC 

Caucasian 

DATE  OF  DEATH:  9/11/83 

ANOMALY:  Autopsy  revealed  evidence  of  previous  thoracic  surgery.  Ribs 
weakened  at  cartilaginous  junction. 


ANTHROPOMETRY 

0 - Weight* 72.5  ko 

1 - Stature** I7c;  rm 

2 - Shoulder  (acromial])  Height 151 .4  cm  59.6  in 

3 - Vertex  to  Syraphysion  Length 87 . 5 cm  34 . 4 i n 

4 - Waist  Height 104.8  cn,  41 .3  1n 

5 - Shoulder  Breadth  (Biacromial  Breadth) 33.5  cm  13.2  1n 

6 - Chest  Breadth 33.2  cm  13.1  in 

7 - Waist  Breadth 31 .9  cm  12.6  in 

8 - Hip  Breadth cmi  13.3  in 


9  - Shoulder  to  Elbow  Length  (Acronion-radiale  . . 
— Length) 


10  - Forearm-hand  Length  (elbow-middle  fin2er)....  999  QQQ 

11  - Tibiale  Height 9^2 222. 

12  - Ankle  Height  (outside)  (lateral  malleous) . . . . 999  QQQ 

13  - Foot  Breadth 999  999 

14  - Foot  Length 999  999 


Note:  * weight  in  kilograms 

**  lengths  in  centimeters 

***  measures  16  and  17  must  be  iu:ide  in  case  where  the  subject  will  be  used 
ir.  the  seated  position  durjiig  the  tests.  In  all  ctlier  cases  enter 

9999  when  under  these  measures. 


UBORATORY 
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UMTRI 


TEST  NO. 


83E131A-C 


15  - Top  of  Head  to  Trochanterion  Length.... 

16  - Seated  Height*** 

17  - Knee  Height  (seated)*** 

18  - Head  Length 

19  - Head  Breadth 

20  - Head  to  Chin  Height  (Vertex  to  Mentum) 

21  - Biceps  Circumference 

22  - Elbow  Circumference 

23  - Forearm  Circumference 

24  - IVrist  Circxnnference 

25  - Thigh  Circumference 

26  - Lower  Thigh  Circumference 

27  - Knee  Circumference 

2S  - Calf  Circumference 

29  - Ankle  Circumference :. 

30  - Neck  Circumference 

31  * Scye  (armpit- shoulder)  Circumference., 

32  - Chest  Circumference 

33  - Waist  Circumference......... 

34  - Buttock  Circumference 

35  - Qiest  Depth 

36  - Waist  Depth 

37  - Buttock  Depth..., 

38  - Interscye., 
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Impact  Response  and  Injury  of  the  Pelvis 

Guy  S.  Nusholtz,  Nabih  M.  Alem, 
and  John  W.  Malvin 
Univtnltv  of  Michigan 
Higtnrav  Saftiy  Roaireh  Inttituu 


ABSTRACT 


nultipic  axial  kna«  impacts  and/or  a ting  I a 
lateral  pelvis  impact  were  perfonsed  on  a total 
of  19  cadavers.  The  impacting  surface  was 
padded  with  various  materials  to  produce 
different  fercc-tiiae  and  load  distribution 
character i St ics.  Impact  load  and  skeletal 
acceleration  data  are  presented  at  functions  of 
both  time  and  frequency  in  the  form  of 
■ocnanical  impedance.  Injury  descriptions  baaed 
on  gross  autopsy  arc  given. 

The  kinematic  response  of  the  pelvis  during 
and  after  isipsct  is  presented  to  indicate  the 
similarities  and  differences  in  response  of  the 
pelvis  for  various  load  levels.  While  the 
impact  response  data  cannot  prescribe  a specific 
tolersrtce  level  for  the  pelvis,  they  do  Indicate 
variables  which  must  be  considered  and  seme 
potential  problems  in  developing  an  accurate 
injury  criterion. 


INTRODUCTION 


Pelvis  injuries  of  varying  type  and 
severity  have  been  found  to  occur  in  a 
significant  number  of  automotive  accidents 
(1~5)  • Investigations  of  trauma  of  the  pelvis 
resulting  from  impact  in  an  automotive 
environment  have  been  documented  primarily 
through  accident  investigation  methods.  There 
have  only  been  a limited  number  of  biomechanical 
studies  attempting  to  research  pelvis  iaipact 
traioa  under  laboratory  conditions.  One  of  the 
earliest  of  these  studies  was  conducted  by  Evans 
and  Lissner  in  I955  (6),  and  consisted  of 
impacts  to  the  denuded  pelvis  in  the  inferior- 
superior  direction.  Although  no  fracture 
tolerance  data  were  obtained,  it  was  concluded 


from  this  study  that  the  pelvis  exhibited 
elastic  behavior  and  failed  due  to  tensile 
stresses  in  various  structural  members.  Ten 
years  later  a study  of  the  behavior  of  the  kneo- 
famur-pelvis  complex  In  an  automotive  impact 
environment  wet  reported  by  Patrick  tt  al.  (7) 
In  this  series  of  tests,  an  impact  sled  was  used 
to  apply  femoral-axis  iaipaets  to  the  knee  of 
ewbalaied  cadavers.  The  lowest  applied  load 
fostnd  to  cause  pelvis  injury  was  7.1  kN.  and 
leads  ranging  from  8.5  kN  to  17  kN  were  found  to 
causa  swltiple  fractures  of  the  pelvis.  It 
wqs  suggested  that  a aMxIaeja  force  criterion  (of 
about  8.2  kN)  should  be  the  threshold  level  for 
injury  for  the  petal  la/feneir/pelvi s complex.  A 
similar  study  using  un embalmed  cadavers  was 
reported  by  Melvin  and  Nusholtz  in  I98O.  A 
single  pelvis  fracture  was  found  to  occur  at  an 
applied  load  of  about  20  kN,  however  leads  up  to 
26  kN  were  applied  with  no  resulting  peivis 
injury. 

A recant  bioswchanicai  study  of  pelvis 
impact  In  an  autoantive  environment  was 
docuaented  first  in  1979  (9)  and  more  completaly 
in  1980  (10)  by  Cesari  and  Ramet.  The  goal  of 
this  research  was  to  supply  data  for  design  of 
side  door  padding  by  impacting  cadavers 
laterally  in  the  pelvis  and  recording  the  force/ 
injury  relationships  observed.  It  was  suggested 
from  this  study  that  the  response  to  impact  is 
character ized  by  velocity  of  impacts,  maximum 
force,  and  impulse.  Admissible  force  tolerance 
for  females  was  documented  as  5*7  kN  (1100-1600 
lb)  and  for  males  as  7-13  kN  (I6OO-29OO  lb). 
These  studies  essentially  characterize  pelvis 
injury  tolerance  using  maximum  force  and  impulse 
indicators. 

To  further  investigate  the  kinematic  and 
injury  response  of  the  pelvis  in  automotive- 
environment  impacts,  a series  of  tests  involving 
indirect  impacts  to  the  pelvis  have  been 
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conductea  by  the  Bioncehaniet  Oeprtment  at  HSRI . 
The  teats  were  conducted  using  unemealmed 
cadavers  and  two  types  of  impact  facilities:  a 
pendulum  impactor  and  a pneumatic  iiepactor. 
Indirect  loads  were  delivered  to  the  acetabulum 
of  the  pelvis  by  impacting  the  femur  either 
axially  or  laterally.  This  allowed  loads  to  be 
delivered  to  the  acetabulum  in  either  anterior- 
to-posterior  or  right- to- loft  directions.  The 
cadavers  were  i nstruaentad  to  measure  pelvic 
triaxial  accelerations  in  all  tests,  while  in 
some  tests  three-dimensional  motion  of  the 
pelvis  was  recorded  with  nine  accelerometers. 
Additionally,  triaxial  accelerations  of  the 
femur  and  the  thoracic  vertebrae  (T8)  were 
measured.  Photographic  targets  on  the  pelvis 
and  femur  were  used  for  photek inemetr ic  analysis 
of  motion  due  to  the  impact 


ANATOniCAL  OVERVIEW 

The  bony  pelvis  (Figure  1)  consists  of  two 
large,  flat  irregular  shaped  hip  (coxal)  bones 
that  Join  one  another  at  the  pubic  sysiphysis  on 
the  anterior  midline.  Posteriorly  the  wedge 
shaped  sacrum  completes  the  pelvic  ring  forming 
a relatively  rigid  structure. 

In  the  adult,  each  hip  bone  it  formed  by 
the  fusion  of  three  separate  bones,  the  Ilium, 
ischium,  and  pubis.  which  Join  at  the 
acetabulum.  The  ilium  forms  the  broad  upper 
lateral  part  of  the  hip  bene  and  the  upper 
portion  of  the  acetabulm.  Its  upper  curved 
edge  is  the  iliac  crest.  The  siost  ceanMnly 
refered  to  prominence  on  this  crest  is  the 
anterior-superior  iliac  spine.  Posteriorly  the 
crest  ends  in  the  posterior  Iliac  spine, 
adjacent  to  its  articulation  with  the  sacrum, 
the  sacroiliac  Joint.  The  ischium  forms  part  of 
the  acetabulum  and  has  a superior  rsasii  that 
ends  below  in  the  ischial  tuberosity.  From 
there  the  inferior  ramus  ascends  to  Join  with 
the  inferior  rsmus  of  the  pubic  bone.  Together 
this  bar  of  bens  is  frepuantly  referred  to  as 
the  ischio-pubic  ramus  or  inferior  pubic  ramus. 
The  body  of  the  pubic  bone  forms  the  anterior 
part  of  the  acetabulum.  From  here  the  superior 
pubic  ramus  passes  to  the  midline  where  it  Joins 
its  fellow  of  the  opposite  side  through  the 
pubic  symphysis.  Below  the  inferior  pubic  ramus 
Joins  the  inferior  ischial  ramus.  The 
poster! or- lateral  bony  pelvis  is  covered  by 
multiple  tnuscle  layers,  buttock  fat  and  skin. 
The  iliac  crest  is  relatively  free  of  heavy 
musculature.  The  rounded  head  of  the  femur 
articulates  wih  the  acetabulum  and  is  held 
within  the  socket  by  ligaments.  Laterally,  on 
the  upper  femur  is  a large  bony  preminenca.  the 
greater  trochanter,  for  the  attachment  of 
muscles. 


SUBJECT  PREPARATION 

Following  transfer  to  HSRI,  the  cadaveric 
subjects  were  stored  at  A*  C until  subsequent 
use.  The  cadavers  were  sanitarily  prepared  and 
were  examined  radiological ly  prior  to  the 
installation  of  ceeleromater  hardware  and  after 
the  test. 


IMPACT  TESTING 

Impact  tests  were  conducted  usi.ng  HSRI's 
pendulum  and  pneumatic  impacting  devices.  A 
total  of  19  cadavers  were  used  in  three  series 
of  tests.  Multiple  left  knee  impacts  (described 
belM)  and  a single  lateral  impact  were 
performed  on  a group  of  eight  cadavers, 
instruMnted  with  triaxial  accelerometer 
clusters  on  the  pelvis  and  right  trochanter  of 
the  femur.  A second  group  of  eight  cadavers  was 
subjected  to  knee  impacts  along  the  direction  of 
the  femoral  axis  of  each  side.  Of  these  eight 
subjects,  four  had  triaxial  acceleroawter 
clusters  on  both  trochanters,  one  was 
instrumented  with  a nine-accelerometer  plate  on 
the  pelvis,  and  three  had  no  i nstruaentation. 
Finally,  three  cadavers  were  subject  to  left- 
side lateral  Impacts,  each  i nstruiented  with  a 
pelvic  nlne-aeeelerometer  plate. 

Acceleration  Measurement  — Accelerations 
ware  measured  in  three  orthogonal  directions  at 
two  different  sites  (trochanter  and  pelvis)  with 
Endevcp  226A-2000  pi ezoresi stive  accelerometers 
by  securing  a triaxial  accelerometer  cluster  to 
a mounting  platform  at  each  site.  Three- 
dlswnslenal  motion  determination  was  made 
possible  by  affixing  three  triaxial  clusters  of 
aeealerometers  to  a lightweight  magnesium  plate 
which  was  in  turn  rigidly  attached  to  the 
pelvis.  The  location  of  the  center  of  gravity, 
the  coordinate  system  of  the  triaxial  clusters, 
and  the  nine  acceleroeieter  array  are  shewn  in 
Figure  2.  The  figure  is  divided  into  four 
sections.  The  top  half  of  the  figure  shews  the 
location  of  the  instrumentation  for  those  tests 
in  which  the  response  of  both  trochanters  were 
obtained.  The  lower  left  hand  corner  shows  the 
location  of  triaxial  clutters  in  those  tests  in 
which  both  trochanter  and  pelvis  response  were 
measured.  The  lower  right  hand  corner  shows  the 
location  of  the  triaxial  clutter  or  nine 
accaleroaMter  array  for  those  tests  in  which 
only  pelvis  response  was  measured.  The  location 
and  anunting  of  the  accelerometer  platforms  were 
as  follows: 

Trochanter:  An  incision  was  made  below  the 
greater  trochanter  and  several  short  self- 


104 


ILIAC  CREST 


ANTERIOR 
SUPERIOR 
ILIAC  SPINE 


ACETABULUM 
(HIP  SOCKET) 


GREATER 

TROCHANTER 


FEMORAL 
SHAFT - 


''PUBIC 

SYMPHYSIS 
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Fig.  1 - Anatomical  overview  of  pelvis  (5) 
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BI-TROCHANTERION  RESPONSE 


LEFT  TROCHANTER  AND/OR  PELVIC  RESPONSE 


Fig.  2 - Instrumentation  and  phototarget  iocation 
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tapping  screws  using  a mul t i -point  attachment 
scheme  secured  the  anunting  platfern  to  the 
femur.  The  platform  was  than  anchored  with 
acrylic  to  insure  rigidity. 

Pelvis  9' Accelerometer:  Four  lag  bolts  were 
screwed  into  the  pelvis  near  the  posterior- 
superior  iliac  spines.  Acrylic  was  applied, 
encasing  both  the  bolts  and  the  mounting  plate, 
with  the  CC  of  the  instrumentation  plate  midway 
between  the  potter ior-super ior  iliac  spines. 

Pelvis  Triax:  Two  lag  bolts  with  tapped 
heads  were  screwed  into  the  pot ter ior-super ior 
iliac  spines.  A lightweight  magnesium  plate 
spanned  the  bolts  and  was  secured  by  two  screws 
anchored  into  the  tapped  heads  of  the  lag  belts. 

Pendulum  Impacts  ~ The  pendultas  impact 
device  consists  of  a free-failing  pendulum  as 
an  energy  source  which  strikes  either  a 25  kg  or 
a 56  kg  impact  piston.  The  Impactor,  guided  by 
a set  of  Thompson  linear  ball  bushings,  was 
brought  to  impact  velocity  prior  to  impact  and 
traveled  up  to  25  cm  before  being  arretted. 
Axial  loads  were  measured  with  either  a CSC 
biaxial  load  cell  or  a Satra  modal  111 
acee I eroneter . Shear  loads  were  measured  (when 
relevant)  with  the  CSE  biaxial  load  call. 
Impact  conditions  between  tests  ware  controlled 
by  varying  impact  velocity  (up  to  8.5  m/t) , and 
the  type  and  depth  of  padding  on  tha  Impact 
piston  surface.  The  piston  excursion' end  the 
distance  the  piston  traveled  from  the  point  of 
contact  to  tha  point  of  arrast  rangtd  from  3 to 
20  cm.  The  velocity  of  the  piston  was  measured 
by  timing  the  pulses  from  a magnetic  prdba  which 
sensed  the  motion  of  targets  on  the  piston  at 
0.65  cm  intervals.  A specialty  datignad  timsr 
box  was  usad  to  control  and  synchreniza  tha 
events  of  a tast.  such  as  the  ralassa  of  thb 
pandulun  and  activation  and  daactivatien  of 
lights  and  high  spaed  cameras. 

For  tests  conducted  with  this  device,  the 
subject  was  placed  in  a restraint  harness  and 
suspended  In  a seated  position.  Indirect 
impacts  to  the  acetabulum  in  the  antarior-to- 
postarior  direction  were  delivered  by  ierpacting 
the  knee  along  the  direction  of  the  femoral 
shaft  axis  ("axial  knee  impacts").  Indirect 
)*teral  impacts  to  tha  acatabuiun  were  delivered 
by  impacting  the  trochanteric  region  of  the 
femur,  along  tha  axis  of  the  neck  of  the  femur. 

Pneumatic  Impacts  --  The  pneumatic  impact 
device  consists  of  an  air  reservoir  which  is 
connected  to  a honed  steel  cylinder.  A driver 
piston  is  propelled  down  the  cylinder  by  the 
pressurized  air  in  the  reservoir.  The  driver 
piston  contacts  a striker  piston  which  is  fitted 
with  a piezoelectric  accelerometer  (Kistler 
90AA)  and  a piezoelectric  load  washer  (Kistler 


805A)  to  allow  the  determination  of 
acceleration-compensated  contact  loads  applied 
to  the  test  subject.  The  mass,  velocity,  and 
stroke  of  the  striker  piston  can  be  controlled 
to  provide  the  desired  impact  conditions  for  a 
particular  test.  The  velocity  of  the  impactor 
is  measured  by  timing  the  pulses  from  a magnetic 
probe  which  senses  the  motion  of  targets  on  the 
impactor  at  1.3  cm  intervals. 

For  the  pneumatic  impactor  tests,  the 
subject  was  suspended  by  a body  harness  and  an 
overhead  pulley  system  and  in  addition  was 
aeated  on  a block  of  balsa  wood.  Impacts  were 
delivered  Indirectly  to  the  pelvis  through 
leading  of  the  femur  at  the  knee,  as  described 
above. 


THREE-DIHEHSIOHAL  HOTION  DETERniNATION 

, The  HSftI  method  used  for  measuring  ths 
throe-dirnmnslensl  motion  of  the  pelvis  is  based 
on  a tachniqut  usad  to  measure  the  general 
SMtien  of  a vahiele  in  a simulated  crash  (i1). 
In  the  currant  application,  three  triaxial 
clusters  of  Endevee  226A-2000  acceleroawters  are 
affixed  to  a light-weight  siagnesium  plate  which 
It  tim  rigidly  attached  to  the  pelvis.  With 
this  Mthed  it  is  possible  to  take  advantage  of 
the  physical  . and  gaemetricai  properties  of  the 
test  subject  a's  wall  as  the  site  of  Impact  In 
the  design  of  a system  for  sraasuraments  of  3~0 
motion. 

Tho  nine  acceleration  signals  obtained  from 
the  three  triaxial  clutters  are  usad  for  the 
computation  of  the  pelvis  motion  using  e least- 
squares  technique,  the  details  of  which  are 
daserlbed  elsewhere  (12.13).  The  method  takes 
advanta^  of  the  redundancy  of  nine  independent 
'acceleration  awasurementt  to  minimize  the  effect 
of  experlswntat  error. 


PHOTOKIHEHETRICS 

Each  subject  underwent  two  radiologic 
examinations,  one  prior  to  and  one  following  tho 
test.  High-speed  photographic  coverage  of  tho 
test  consisted  of  two  lateral  views.  A Hycam 
camera  operating  at  3OOO  francs  per  second 
provided  a close-up  view  of  the  pelvis,  while  a 
Photosonies  IB  camera  operating  at  1000  frames 
per  second  was  used  to  obtain  an  overall  view  of 
the  test  subject.  The  motion  of  the  subject  was 
determined  from  the  film  by  following  the 
motions  of  five-point  phototargets.  The  targets 
ware  affixed  to  the  rigid  accelerometer  mounts 
located  on  the  pelvis,  trochanter,  and  spine. 
Since  the  resulting  film  provided  a lateral  view 
of  the  test,  the  motion  observed  was  two- 
dimensional  and  restricted  to  the  plane  of  the 
film. 
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For  all  tesLi,  tPe  tubjaet  was  placact  in  a 
restraint  harness  which  was  in  turn  suspended 
from  the  ceiling.  For  the  axial  knee  impacts, 
the  subject  was  positioned  as  in  Figure  3 with 
the  impaetor  initially  6 to  10  cm  from  the  knee. 
These  tests  used  as  padding  either  2.5  cm  of 
cnsolite,  2.5  cm  of  styrofoam,  or  a combination 
of  2.5  cm  Ensolite  and  2.5  cm  styrofoam.  The 
lateral  pelvis  impacts  required  that  the  subject 
be  positioned  as  in  Figure  A,  with  the  impaetor 
initially  centered  8 cm  anterior  to  the  greater 
trochanter.  For  these  tests,  the  impaetor  was 
either  rigid,  padded  with  2.5  cm  Ensolite.  or  a 
combination  of  2.5  cm  Ensolite  and  2.5  cm 
styrofoam. 


PELVIE  IMPACT  RESPONSE 

One  method  for  analyzing  the  antlen  of  a 
material  body  is  to  analyze  the  aietian  of  a 
point  on  that  body.  In  the  cate  of  the  teats 
performed  in  this  study,  the  point  cbeaen  it 
midway  between  posterior-superior  Iliac  apinea 
(PSIsi.  The  notion  is  then  analyzed  using  the 
concept  of  a moving  frame  discussed  elsewhere 
(13)  and  briefly  sunMrized  hare. 

A vector  field  is  a function  which  easigns 
a uniquely  defined  vector  to  each  point  along 
the  path  generated  by  the  moving  point. 
Simitarly,  qny  collection  of  three  aajtual ly 
orthogonal  unit  vectors  emanating  from  each 
point  on  the  path  it  a frame  field.  Thus  any 
vector  defined  on  the  path  (for  example, 
acceleration)  may  be  resolved  into  three 
orthogonal  components  of  any  well  defined  fraam 
field. 

In  biomechanics  research,  fraam  fields 
which  are  frequently  used  are  defined  baaed  on 
anatomical  reference  frames.  The  anatomical 
reference  frames  used  here  arc  shewn  in  Figure 
2.  The  frames  are  based  on  the  anatearieat 
orientation  of  a standing  test  subject. 
Therefore,  the  l-S  direction  of  the  trochanter 
it  roughly  equivalent  to  the  minus  A-P  direction 
of  the  pelvis  for  a seated  subject.  Other  fraam 
fields  such  as  the  Principal  Direction  Triad 
(lA)  or  Frenet-Serret  frame  (13).  which  contain 
information  about  the  motion  embedded  in  the 
frame  field,  have  also  been  used  to  describe 
motion  resulting  from  impact. 

The  Frenet-Serret  frame  consists  of  three 
mutually  orthogonal  vectors  T,  N,  B.  At  any 
point  in  time  a unit  vector  can  be  constructed 
that  is  eo-direetional  with  the  velocity  vector. 
This  normal ized  velocity  vector  defines  the 
tangent  direction  T.  A second  unit  vector  N it 


constructed  by  forming  a unit  vector  co- 
directional  with  t' e time  derivative  of  the 
tangent  vector  T the  derivative  of  a unit 
vector  is  normal  to  the  vector)  . To  complete 
the  orthogonal  fraoi:,  a third  unit  vector  B (the 
unit  binormal]  ca  be  defined  as  the  cross 
product  T X N.  This  then  defines  a frame  at 
each  point  along  the  path  and  resolves  the 
acceleration  into  two  distinct  types.  The 
tangent  acceleration  (Tan(T)]  is  always  the  rate 
of  change  of  speed  (absolute  velocity)  and  the 
norsMi  acceleration  (Nor(N))  contains 
acceleration  infonsation  about  the  change  in 
direction  of  the  velocity  vector.  The  binormal 
direction  contains  no  acceleration. 

In  the  case  of  a tingle  tri axial 
aceelaroamtar,  the  use  of  the  Frenet-Serret 
frame  it  Impractical  but  it  has  been  found  (I A) 
that  in  many  eases  during  direct  isipaets  it  is 
possible  to  find  the  anst  significant  component 
of  acceleration,  therefore  the  principal 
direction  of  smtion  can  be  obtained. 

One  aiethod  of  determining  the  principal 
direction  of  awtion  and  constructing  the 
Principal  Oireetion  Triad  is  to  determine  the 
direction  of  the  acceleration  vector  in  the 
moving  frame  of  the  trlaxial  acccleroaieter 
cluster  and  then  prescribe  the  transformation 
necessary  to  obtain  a new  moving  frame  that 
would  have  one  of  Its  axes  in  the  principal 
direction.  A single  point  In  time  at  which  the 
aeealoration  is  a maximum  was  chosen  to  define 
the  directional  cosines  for  transforming  from 
the  triax  frame  to  a new  fraaw  in  such  a way 
that  the  resultant  acceleration  vector  (AR)  and 
''principal"  unit  vector  (A1)  were  co- 
direetional.  This  then  can  be  used  to  construct 
a new  frame  rigidly  fixed  to  the  triax,  but 
differing  from  the  original  one  by  an  initial 
rotation.  After  cosipleting  the  necessary 
transformation.  a comparison  between  the 
magnitude  of  the  principal  direction  and  the 
resultant  acceleration  is  performed.  In  the 
ease  of  the  isipaets  presented  here,  there  was 
oniy  a slight  difference  between  the  two 
quantities  during  the  most  significant  part  of 
the  Impact.  However,  for  responses  occurring 
after  iaipact  this  was  not  always  the  case. 


FORCE-TINE  DURATION  DETERNINATION 

In  order  to  define  the  pulse  duration,  a 
standard  procedure  was  adopted  which  determines 
the  beginning  and  end  of  the  pulse.  The 
procedure  is  to  determine  first  the  peak  and  the 
time  at  which  it  occurs.  Next,  the  left  half  of 
the  pulse,  defined  from  the  point  where  the 
pulse  starts  to  rise  to  the  time  of  the  peak,  is 
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Fig.  3 " Schematic  pendulum  test  setup  — right  leg  impact 
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Fig.  4 - Schematic  pendulum  test  setup  — pelvis  impact 
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I«ast-squares  fitted  with  a straight  line.  This 
rise  line  intersects  the  time  axis  at  a point 
which  is  taken  as  the  formal  beginning  of  the 
pulse.  for  those  tests  which  exhibit 
axjltinodal  signals,  the  I east~squares  line  is 
fitted  from  where  the  pulse  starts  to  the  time 
of  the  first  sighificant  peak.  * similar 
procedure  is  followed  for  the  right  half  of  the 
pulse,  i.e.,  a least  squares  line  is  fitted  to 
the  fall  section  of  the  pulse  which  is  defined 
from  the  peak  to  the  point  where  the  first  pulse 
minimum  occurs.  The  formal  end  of  the  pulse  is 
defined  then  as  the  point  where  the  fall  line 
intersects  the  tin>e  axis.  In  awny  eases, 
however,  the  formal  end  of  the  pulse  (as  defined 
above)  it  not  the  end  of  contact  between  the 
impactor  and  the  subject.  In  these  instances, 
two  durations  are  used;  one  to  indicate  the  and 
of  the  most  significant  aspact  of  the  feree-tisM 
history  and  one  to  indicate  the  end  Of  the 
contact. 


subjects  received  aiultiple  knee  impacts  as  well 
as  a lateral  pelvis  impact,  one  subject  will 
have  several  correspond i ng  test  numbers) . The 
initial  conditions  for  all  knee  impact  tests  and 
all  lateral  impact  tests  arc  presented  in  Tables 
2 and  3,  respectively. 

A summary  of  gross  autopsy  results  for  the 
lateral  impact  tests  is  presented  in  Table  k. 
The  series  of  knee  impacts  produced  only  one 
injury.  All  pelvic  injuries  were  sustained  on 
the  impacted  side  of  the  pelvis. 

Impact  test  suamarics  containing  force  and 
three-dimensional  motion  information  for  axial 
knee  ieoaets  to  each  cadaver  appear  in  Table  5. 
and  in  Table  6 for  lateral  pelvis  impacts. 
Svaaiarles  for  force  and  triaxial  acceleration 
are  presented  in  Tables  7 and  8 for  the  axial 
knee  iaipects.  and  in  Table  9 fof  the  lateral 
ia^aets. 


IWACT  TTIAHSfER  fUNCTION  ANALYSIS 


DISCUSSION 


With  blunt  iamacts,  the  ralatienship 
between  impact  force  and  the  motion  resulting  at 
various  points  of  the  impacted  system  can  be 
expressed  in  the  frequency  doauin  through  the 
use  of  a transfer  function.  A feet  fourier 
transformation  of  simultaneously  monitored 
transducer  time  histories  can  be  usad  to  obtain 
the  frequency  response  functions  of  Impact  force 
and  accelerations  of  remote  points.  Once 
obtained  a transfer  function  of  the  form 


F(F(t)) 

"Tim) 


can  be  calculated  from  the  transfonaad 
quantities  where  u)  is  the  given  fraqueney,  and 
F(Ffll  and  FlAOi  arc  the  Fourier  transfones 
of  the  iaipact  forces  and  accsleration  of  the 
point  of  interest,  at  the  given  frequency.  This 
particular  transfer  function  is  closely  related 
to  mechanial  transfer  impedance  which  is  defined 
as  the  ratio  between  simple  hanaonic  driving 
force  and  corresponding  velocity  of  the  point  of 
interest,  nechanical  transfer  impedance  (15)  Is 
a complex  valued  function  which  for  the  purpose 
of  presentation  will  be  described  by  Its 
magnitude  and  its  phase  angle. 


RESULTS 


The  tables  and  graphs  presented  on  the 
following  pages  represent  the  data  considered 
most  pertinent  in  discussing  the  test  results. 
Table  I contains  biometric  data  of  all  test 
subjects,  as  well  as  the  test  numbers 
corresponding  to  each  subject  (since  most 


The  results  presented  in  this  paper  have 
been  obtained  from  a series  of  pelvis  injury 
research  programs  conducted  during  the  past  five 
years.  The  data  is  presented  in  abbreviated 
form  to  represent  the  trends  which  are  felt  to 
be  important  factors  in  pelvis  Impact  response. 


PELVIS  RESPONSE  FROn  AXIAL  KNEE  IMPACTS 

The  response  of  the  pelvis  as  characterized 
by  the  time  history  of  various  accelerations  and 
velocities  (both  angular  and  linear)  in  addition 
to  the  force  tisM  history,  it  dependent  on  the 
Impactor  surface  padding,  mass  and  initial 
velocity  as  well  as  variations  between 
individual  test  subjects.  This  is  arrived  at 
from  analysis  of  three  dimensional  motion 
obtained  from  nine  acceleroaieters.  triaxial 
accelerometer  clusters  (affixed  to  the  peivis. 
the  impacted  fmaur  and  the  femur  opposite  the 
impactor),  as  well  as  high  speed  photokinenetrie 
docusentation. 

Three-Dimensional  Motion  — Tests 
79A2A3-79K2k8  represent  six  impacts  to  a single 
test  subject.  The  six  tests  are  divided  into 
throe  groups  with  similar  Impacts  on  each  knee. 
The  three  groups  are:  low  velocity  (3.5  *h^ 
2.5  cm  Ensolita  impactor  surface  padding), 
medium  velocity  (5.0  m/s  with  2.5  cm  Ensolltc 
impactor  surface  padding),  and  high  velocity 
(8.5  m/s  with  rigid  impactor  surfaces).  The 
time  history  of  the  three  dimensional  motion  of 
the  pelvis  obtained  from  the  nine  accelerometer 
array  is  suamarized  in  Table  5.  The  maximian 
impact  force  ranged  from  LkN  to  20kN  with  the 
duration  of  impact  ranging  from  12  ns  to  30  ms. 
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Table  1.  Biometrics 


Cadaver 
No . 

He i ght 
(cm) 

We i ght 
(Kg) 

Age 

Cause  of  Death 

1 

173 

29.0 

Gh 

Differentiated  lymphoma 

2 

160 

57.2 

73 

Pneumon i a 

3 

175 

99.5 

76 

Cardiac  arrest 

ii 

178 

106 

63 

Myocardial  infarction 

5 

176 

35.3 

67 

Cardiac  resp.  arrest  intractible  congestion 

6 

163 

65.9 

89 

Cardiac  arrest 

7 

176 

68.1 

76 

Coronary  occlusion 

8 

171* 

91.7 

76 

Myocardial  infarction 

9 

179 

1 .6 

66 

Amyotrophic  lateral  sclerosis 

10 

171* 

61. 9 

73 

Terminal  pneumonia 

1 1 

180 

91.2 

56 

Cardiac  arrest 

12 

175 

100 

62 

Cardiac  arrast 

13 

— 

88.0 

61 

Cardiac  arrest 

U 

— 

— 

52 

Cardiac  arrest 

.15 

I8i« 

52.0 

60. 

Cardiac  arrest 

, 16 

180 

76.9 

67 

Cardiac  arrest 

•17 

169 

86.5 

65 

Myocardial  infarction 

18 

— 

— 

— 

Cardiac  arrest 

19 

171* 

68.3 

40 

Cardiac  arrest 
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Table  2:  Summary  of  Initial  Conditions  for  Knee  Impacts 


Test 

No. 

Cadaver 

No. 

Impactor 
Velocity  (m/s) 

Impactor 
Mass  (Kg) 

Padd i ng 

77A201* 

18 

15.2 

10 

10  cm  Ensol i te 

77A205 

13 

12.2 

10 

10  cm  Ensol i te 

77A206 

13 

15.2 

10 

10  cm  Ensol i te 

77A207 

12 

18.3 

10 

10  cm  Ensol i te 

77A208 

12 

21.3 

10 

10  cm  Ensol i te 

79A2t3 

U 

3. A 

25 

2.5  cm  Ensol i te 

ISklUk 

II4 

3.1* 

25 

2.5  cm  Ensol i te 

79A21.5 

14 

5.0 

25 

2.5  cm  Ensol i te 

79A2i46 

14 

5.0 

25 

2.5  cm  Ensol i te 

79A2W 

14 

8.8 

25 

Rigid 

79A2i*8 

14 

8.5 

25 

Rigid 

79L081 

1 

5.5 

56 

2.5  cm  Ensol i te+ 
2.5  cm  Styrofoam 

79L082 

1 

5.5 

56 

2.5  cm  Ensol i te+ 
2.5  cm  Styrofoam 

79L085 

2 

5.5 

56 

2.5  cm  Ensol i te+ 
2.5  cm  Styrofoam 

79L086 

2 

5.5 

56 

2.5  cm  Ensol i te+ 
2.5  cm  Styrofoam 

79L089 

3 

5.5 

56 

2.5  cm  Ensol i te+ 
2.5  cm  Styrofoam 

79L090 

3 

5.5 

56 

2.5  cm  Ensol i te+ 
2.5  cm  Styrofoam 

80L09i* 

4 

5.9 

56 

2.5  cm  Ensol i te 

8OLO97 

5 

5.5 

56 

2.5  cm  Ensol 1 te 

8OLO98 

5 

5.9 

56 

Rigid 
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Table  2:  Summary  of  Initial  Conditions  for  Knee  Impacts  (continued) 


Test 

No. 

Cadaver 

No. 

Impactor 
Velocity  (m/s) 

Impactor 
Mass  (Kg) 

Padd i ng 

80L102 

8 

5.5 

58 

2.5  cm  Ensol i te 

8OLIO3 

6 

5.8 

58 

F.  i g i d 

8OLIO9 

7 

5.5 

58 

2.5  cm  Ensol i te 

8OLIIO 

7 

5.9 

58 

Rigid 

8OLI  U 

8 

5.9 

58 

2.5  cm  Ensol i te 

80U15 

8 

5.8 

56 

Rigid 

8OLII8 

9 

1».1 

58 

Rigid 

8OUI9 

9 

k.2 

58 

Rigid 

8OLI2O 

9 

5.9 

56 

Rigid 

8OLI2U 

10 

4.1 

58 

Rigid 

8OLI25 

10 

5.9 

56 

Rigid 

8OLI29 

1 1 

4.0 

56 

Rigid 

8OLI3O 

11 

5.9 

58 

Rigid 

8OLI35 

19 

4.0 

56 

Rigid 

80L135 

19 

8.0 

56 

Rigid 

80L135 

19 

4.0 

56 

Rigid 

80L136 

19 

8.0 

56 

Rigid 
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Table  3*  Summary  of  Initial  Conditions  for  Lateral  Impacts 


Test 

No. 

Cadaver 

No. 

Impactor 
Veloci ty 
(m/s) 

Impactor 

Mass 

(Kg) 

Padd i ng 

8OLO95 

U 

5.1 

56 

2.5  cm  Ensol i te 

8OLO99 

5 

5.7 

56 

2.5  cm  Ensol i te 

8ol 10; 

6 

5.8 

56 

Rigid 

8OLI  1 1 

7 

5.8 

56 

Rigid 

8OLI  18 

8 

5.7 

56 

Rigid 

8OLI2I 

9 

5-9 

56 

Rigid 

8OLI26 

10 

5.8 

56 

Rigid 

8OU3I 

11 

5.5 

56 

Rigid 

8OLI37 

19 

5.9 

56 

Rigid 

82E008 

15 

8.4 

25 

2.5  cm  Ensol i te+ 
1.3  cm  Styrofoam 

82E028 

16 

8.4 

25 

0.5  cm  Ensol i te 

82E01*9 

17 

8.6 

25 

2.5  cm  Ensol ite+ 
2.5  cm  Styrofoam 
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Table  7:  Knee  Impacts 


Force 

Accel erat 1 on 

Ve 1 ocl ty 

Test 

1st  Peak 

Maximum 

Durat Ion 

Impulse 

Energy 

T roch . 

Pelvis 

T roch . 

Pelvis 

(N) 

(N) 

(ms) 

(N-s) 

( N-m ) 

Max  1 mum 

Max  mum 

Max i mum 

Max Imum 

(g' s ) 

(g's) 

(m/s) 

(m/s ) 

60L094 

5850 

27 

88 

69 

so 

60 

3.7 

3.4 

a ms» 

8 

(73) 

8 

12 

22 

15 

80L097 

3950 

20 

45 

18 

1 15 

80 

6.2 

5.2 

p ms* 

9 

(5) 

9 

8 

16 

1 

80L098 

2475 

12 

21 

3.9 

450 

250 

5.5 

6.2 

a ms« 

2 

(36) 

1 

2 

4 

6 

80L102 

7000 

24 

100 

88.8 

140 

95 

4 .8 

4.0 

0 ms* 

8 

(46) 

7 

8 

1 1 

10 

80L103 

7550 

15 

56 

28.4 

400 

120 

5.9 

3.2 

P ms* 

3 

(40) 

2 

4 

3 

5 

80L109 

8100 

25 

98 

85.2 

200 

70 

5.3 

3.4 

P ms* 

9 

(61 ) 

9 

8 

8 

9 

80L 1 10 

9500 

20 

89 

0.9 

700 

190 

5.7 

3.7 

P ms* 

3 

(44) 

2 

3 

6 

5 

80L1 14 

10000 

35 

107 

102 

230 

6.2 

3. 1 

a ms* 

7 

(55) 

6 

7 

28 

80L1 15 

12000 

24 

100 

82 

675 

5.9 

3.4 

a ms* 

2 

(34) 

2 

3 

16 

80L1 18 

5200 

6000 

12 

36 

11.6 

220 

1 15 

3.9 

3.2 

a ms* 

1 

2 

(66) 

1 

1.5 

8 

7 

80L1 19 

4500 

5750 

13 

45.7 

18.7 

300 

155 

4.2 

3.2 

a ms* 

1 

2 

(70) 

2 

3 

4 

8 

80L120 

5250 

8900 

15 

500 

150 

4.9 

4 .0  1 

p ms* 

1 

3 

(55) 

3 

(3.5) 

3 

10 

80L134 

7500 

20 

46.9 

19.6 

390 

1 15 

4.4 

3.0 

a ms* 

1 

2 

(77) 

2 

4 

4 

7 

80L125 

5600 

9700 

20 

88 

70 

400 

175 

5.2 

3.5 

a ms* 

1 

3 

(57) 

2 

4 

3 

6 

80L129 

8750 

20 

74.4 

49.5 

205 

140 

4 . 1 

3.5 

a ms* 

3 

(27) 

1 

2 

6 

15 

SOLI  30 

8900 

9750 

16 

105 

100 

650 

185 

5.6 

5. 1 

a ms* 

2 

3 

(29) 

2 

2 

6 

14 

80L135 

5000 

8700 

17 

75 

51 

1750 

135 

3.9 

3.4 

a ms* 

2 

4 

(28) 

1 

2 

7 

10 

80L136 

9700 

11800 

16 

105 

101 

900 

240 

5.4 

4 . 1 

a ms* 

6 

6 

(58) 

2 

3 

8 

9 
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Table  8.  Lateral  Pelvis  Impact 


Test 

Number 

Force 

Acce 1 erat i on 

Ve 1 oc i ty 

Max imum 
(N) 

Durat 1 on 
(ms) 

1st 

Peak 

Max i mum 
(g's) 

Maximum 

(m/s) 

8OLO95 

10700 

kk 

38 

4.4 

@ ms» 

10 

10 

44 

8OLO99 

3200 

kl 

23 

50 

4.6 

@ ms“ 

5 

1 1 

38 

8olioi» 

5900 

1.9 

40 

4.7 

@ ms= 

9 

1 1 

42 

80m  1 

7600 

50 

100 

4.7 

§ ms“ 

4 

40 

8OL1 16 

7700 

51 

57 

4.3 

@ ms* 

9 

1 1 

48 

8OLI2I 

3300 

30 

105 

no 

4.3 

@ ms* 

15 

2 

4 

56 

8OLI26 

71*00 

kk 

50 

135 

4.3 

@ ms* 

5 

i* 

11 

40 

8OLI3I 

8500 

i*0 

50 

135 

4.3 

§ ms* 

7 

6 

11 

52 

8OLI37 

9200 

22 

1*0 

48 

4.8 

g ms* 

5 

3 

6 

50 

T«t>l*  9.  Lateral  Impaeta 


Test 

No. 

Pea*( 

Force 

(N) 

Impulse 

(N-S) 

Duration 

(ms) 

Peal(  Linear 
Acceleration 
(m/s/s) 

Peak  Angular 
Accelerat Ion 
(rad/s/s) 

P-A 

R-L 

I“S 

Tan 

P-A 

R-L 

I-S 

Res 

82E008 

14000 

190 

29 

300 

840 

-340 

831 

-2270 

-6910 

-4600 

6010 

a ms« 

13 

18 

1 1 

14 

14 

14 

14 

16 

1 1 

82E028 

13000 

190 

21 

350 

710 

550 

650 

3620 

10100 

8190 

10250 

p ms» 

7 

6 

6 

1 1 

6 

4 

8 

5 

8 

82E049 

14000 

20S 

26 

127 

360 

-100 

370 

2700 

-3480 

- 1990 

3750 

a ms» 

14 

15 

14 

14 

14 

13 

13 

16 

16 
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Several  distinct  events  occurred  in  ell  the 
force  tine  histories  and  could  be  used  as  event 
Barkers.  They  are:  the  beginning  of  impact 

noted  as  El.  the  peak  force  noted  as  E2,  and  the 
end  of  impact  noted  as  E3.  Both  angular  and 
linear  accelerations  begin  at  the  El  event  and 
reach  maximums  at  or  before  the  E2  event.  Even 
though  there  is  significant  angular  acceleration 
during  this  interval,  the  primary  acceleration 
is  in  the  tangent  direction  (with  a smaller 
component  in  the  normal  direction)  indicating 
that  the  direction  of  motion  changes  slowly  with 
time.  In  addition,  the  angular  aecelaration 
during  this  interval  differs  in  angnituda  and 
direction  for  each  of  the  three  sets  of  tests, 
for  tests  79A2I43  and  7$K2Uk  (Figures  S and  6) 
the  angular  acceleration  was  found  to  be 
primarily  in  the  l-S  direction  (although  lesser 
components  occurred  in  the  R>L  and  f-k 
directions).  In  tests  79A2A5  and  79A2A6,  tha 
aiagnitude  of  the  angular  acceleration  is  greater 
and  is  to  a greater  degree  in  the  R-L.  end  R-A 
direction.  In  tests  79A2<i7  and  79A2A8  (Figures 
7 and  Q),  the  sugnitude  of  the  angular 
acceleration  in  the  R-L  and  R-A  direetien  is 
siBilsr  in  swgnitude  to  that  of  the  l-S 

direction.  Along  with  the  changes  In  sugnitude 

and  direction  of  the  angular  accaieration  with 
changing  impact  velocity,  there  it  an  increasing 
ratio  of  angular  acceleration  to  peak  force  at 
well  as  a change  in  the  relative  phasing  of  the 
angular  acceleration  time  history  to  force  tiaw 
history  during  the  EI-E2  interval.  In  addition 
to  changes  in  angular  accelaratlen  with 
increasing  impactor  velocity,  there  wdre  also 
changes  in  tha  linear  accelaratlent  Its 
sMgnitude.  direction,  and  phasing  with  respect 
to  the  E2  events.  For  tests  79A2A3  and  79A2<»4, 
the  linear  acceleration  was  primarily  In  the  RL- 
PA  plana  during  the  E1-E2  event  Interval,  As 
the  magnitude  of  the  loading  inereaaed  (as  In 
tests  79A24S  through  79A2A8) , a significant 
component  of  linear  acceleration  In  the  l-S 
direction  developed. 

Physically,  this  implies  that  tha  response 
of  the  pelvis  can  be  interpreted  as  tha  response 
of  one  material  body  (tha  pelvis)  In  contact 
with  other  uterial  bodies  (tha  femur,  spins, 
abdominal  organs,  and  soft  tissue).  Tha  degree 
to  which  each  of  the  material  bodies  interacts 
with  the  pelvis  is  dependent  upon  the  amount  of 
available  impactor  energy  and  hew  It  is 
transmitted  to  the  pelvis. 

Tr i ax i a I Bl trochanter i c Response 

— Although  the  paoding  on  the  impactor  surface 
was  different,  the  loading  in  tests  79L08l 
through  79L090  (Table  7)  is  similar  to  that  of 
the  the  previous  tests.  The  response  is 
measured  with  two  triaxial  aecelaroaMter 
clusters  located  near  each  trochanter.  Using 
the  same  event  markers  on  the  force  time  history 


as  in  the  previous  tests,  some  information  about 
the  response  of  the  pelvis  from  the  trochanteric 
response  may  be  obtained.  Near  the  El  event 
the  acceleration  ef  the  trochanter  of  the 
impacted  side  begins,  however  the  accelerometer 
of  the  opposite  trochanter  displays  little  or  no 
siotien  until  near  or  after  the  E2  event. 
Acceleration  of  the  impacted  side  peaks  before 
the  E2  event,  whereas  the  acceleration  response 
ef  the  other  trochanter  reaches  a maximum  near 
the  E3  event.  The  motion  indicated  by  this  type 
of  response  is  somewhat  similar  to  test  79A2A3 
and  79A2AA  (for  the  pelvis)  with  the  greatest 
rotation  in  the  l-S  direction.  However,  it  is 
clear  from  tha  accelerometer  data  and  high-speed 
movies  that  although  the  pelvis  seems  to  behave 
as  it  were  rotating  about  a fixed  point  near  the 
trochanter  of  the  opposite  femur  during  tha  El- 
E2  interval,  motion  after  the  E2  event  is 
considerably  more  ceoiplex,  . with  the  peak 
velocity  of  the  opposite  femur  more  than  half  of 
that  ef  the  Impacted  femur. 

Relvis  and  Trochanteric  Response  — Tests 
8OLO9A  to  60L)3^  (Table  8)  represent  similar 
leading  to  that  ef  tha  previously  mentioned 
teats  (79A2A3*'2A8  and  79t08l-090)  • The  response 
is  measured  by  the  use  of  triaxial 
accalerematers  loeated  on  the  pelvis  and 
trochanter  on  the  side  of  impact,  as  well  as 
phetok I nametr I c dodumentatlon.  The  peak  forces 
range  from  6 to  12  kN. 

In  SOSM  ef  these  tests,  the  force  time 
history  Is  similar  to  that  of  79L081  through 
79LO90  with  one  peak  and  a wall  defined 
beginning  and  end,  however  a few  of  the  tests 
have  e more  complex  force  time  history.  They 
exhibit  several  local  maxiaw  and/or  continuing 
impactor  contact  after  the  initial  part  ef  the 
pulsa  occurs.  Although  the  response  of  the 
trochanter  aa  Interpreted  by  the  principal 
direction  acceleration  and  resulting 
acceleration  time-history  waveforms  is  similar 
to  seam  of  the  previous  heavily-padded  tests, 
ethers  display  daaipod  oscillatory  motion  (Figure 
9).  This  response  is  generally  observed  during 
the  first  section  ef  the  pulse  and  unobservable 
shortly  after  tha  E2  event.  In  addition  the 
peak  acceleration  generally  occurs  around  the 
time  ef  the  first  significant  maximum  of  the 
force  time  history.  Other  researchers  using 
finite  e'loment  awdeling  ef  the  femur  (16)  have 
shown  that  various  eiedet  ef  bending  and  torsion 
can  occur.  Rotentially  both  tha  oscillatory 
nature  of  the  trochanteric  response  and  the 
multimodal  nature  of  the  force  time  histories 
for  these  tests  ere  a result  of  the  bending  of 
the  femur. 

Although  in  these  tests  only  triaxial 
acceleration  is  measured  and  the  force  time 
history  varies  from  test  to  test  in  a very 
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Fig.  5 - Test  79A244 
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Run  ID;  79A244 
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Fig.  6 - Test  79A244 
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Run  ID;  79A248 
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Fig.  7 - Test  79A248 
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Run  ID:  79A248 
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Fig.  8 - Test  79A248 
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Fig.  9 - Trochanter  impact  response 
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general  way  the  response  of  the  pelvis,  as 
interpreted  by  the  principal  direction 
accelerations,  is  similar  in  these  tests  to  that 
of  the  response  interpreted  by  tangential 
acceleration  in  tests  79A2I<7  and  79A2U8.  Table 
8 compares  the  acceleration  tiate  history  of  the 
pelvis  to  that  of  the  force  time  history  and 
acceleration  time  history  of  the  trochanter.  In 
general,  the  peak  acceleration  of  the  pelvis  is 
less  than  and  lags  behind  that  of  peak 
trochanteric  accelerations.  In  addition,  the 
resultant  peak  velocity  of  the  trochanter  is 
greater  than  and  precedes  the  pelvis  peak 
velocity,  and  is  primarily  in  the  l*S  direction 
(of  the  femur) . 

Transfer  Funct i ons  — The  transfer  function 
formed  from  the  impact  force  and  acceleration 
includes  the  effects  of  padding  and  subject 
response.  A corridor  for  transfer  functions 
formed  from  the  impact  force  end  tangent 
acceleration  for  tests  79A2<t3*79A2k6  is  shewn  In 
F igure lO. 

For  tests  79A2ii3  and  79A2U)  the  transfer 
function  is  included  in  the  corridor  to  100  Hz. 
For  test  79A2U5  and  79A21»6  the  transfer  function 
is  included  to  150  Hz,  and  for  tests  79A2b7  and 
79A2k8,  it  is  included  froai  10  to  kOO  Hz.  The 
corridor  representing  pelvis  response 
(interpreted  by  mochanicsl  isipadsnee  for  force 
and  resulting  velocity)  shows  that  all  six  tests 
are  similar  to  100  Hz.  Four  tests  are  sisiitar 
to  150  Hz  and  two  are  similar  to  UOO  Hz.  This 
seems  to  be  true  despite  the  different  impact 
conditions  (different  padding,  different  initial 
velocity,  opposite  side  impacts),  and’  different 
time  history  responses.  This  would  seen  to 
indicate  that  the  responses  for  this  subject  ere 
repeatable.  symmetric  (sssm  response  for 
opposite  sides)  and  linear  to  at  least  100  Hz, 

The  mechanical  impedance  for  tests  79A081  ■ 
79AO90  (Figure  II)  is  generated  from  force  and 
principal  direction  acceleration,  and  is 
considered  valid  between  10  and  100  Hz.  In  the 
frecuency  range  between  10  and  30  Hz  It  Is 
somewhat  similar  to  the  isgiedanea  of  teats 
79A2U3  through  79A2li8.  Above  this  range, 
however,  there  is  a continual  decline  in  the 
value  of  the  impedance.  This  is  believed  to  be 
a result  of  the  styrofoam  padding  used  in  these 
tests. 

For  pelvis  tests  8OLO9A  - 8OU36,  the 
mechanical  impedance  obtained  from  the  principal 
direction  acceleration  was  significantly  lets 
than  those  calculated  from  the  accelerations  in 
the  two  directions  normal  to  it  above  25  Hz  in 
all  tests.  For  the  trochanter,  the  mechanical 
impedance  was  valid  for  regions  below  this  range 
however  for  comparison  purposes  it  is  presented 
down  to  25  Hz.  The  upper  limit  for  the  validity 


of  the  pelvis  impedance  was  kOO  Hz  and  therefore 
the  trochanteric  upper  limit  it  chosen  as  kOO 
Hz.  To  obtain  information  about  the 
repeatability  of  the  response  of  different  test 
subjects,  multiple  impacts  (at  a subinjurious 
level)  were  performed  on  each  subject  (Table  6) 
with  each  subject  in  the  same  initial  postural 
configuration  while  the  impactor  surface  padding 
and  velocity  were  varied.  The  transfer  function 
formed  from  the  principal  direction  acceleration 
and  foree-tistc  history  for  both  the  pelvis  and 
trochanter  are  shown  in  Figures  12  and  13  for 
tests  SOLI  Ik  and  8OLII5,  respectively,  and  in 
Figures  |k  and  1 3 for  tests  SOL  135  and  8OLI38, 
respectively.' 

It  wes  observed  that  the  acceleration 
response  of  the  troehsnter  is  primarily  In  the 
saaie  direction  as  that  of  the  fores  while  the 
acceleration  of  the  pelvis  is  not.  Despite  this 
and  the  fact  that  iaipact  conditions  varied 
between  lawaets  to  the  same  side,  observation  of 
these  transfer  function  waveforms  (and  others 
not  presented)  shew  that  the  transfer  functions 
for  repeated  tests  on  the  same  side  are  similar 
for  both  the  pelvis  and  trochanter.  The 
transfer  function  for  the  pelvis  and  the 
trochanter  of  the  same  subject  are  similar  in 
waveform  up  to  200  Hz,  although  they  differ  in 
SMgnltuda  ■**  values  for  the  mechanical  impedance 
of  the  pelvis  are  generally  two  to  four  times 
that  of  those  for  the  trochanter.  The  amount  of 
scatter  between  subjects  is  addressed  in  Figures 
16  and  17,  which  represent  the  corridor  for 
iaipacts  that  did  not  result  in  injury  for  both 
the  pelvis  and  trochanter,  respectively. 
Although  the  two  corridors  look  similar 
(differing  only  in  SMgnltude  below  100  Hz),  they 
cover  a wide  range  of  possible  responses, 
particularly  above  200  Hz.  This  magnitude 
Indicates  that  although  the  response  of  a single 
subject  is  similar  for  repeated  impacts,  there 
is  wide  scatter  between  subjects. 

In  addition  to  the  above  observations  on 
the  transfer  functions,  in  some  of  the  tests 
(e.g.,  -8OLI35  end  8OLI36)  a resonance  was 
observed  between  IBO  and  280  Hz,  which  is  within 
the  band  In  which  others  have  observed  a 
resonance  (16,I7).  This  resonance  (which  is 
observed  in  both  the  pelvis  and  trochanter, 
although  it  is  more  pronounced  In  the  trochanter 
transfer  function)  is  potentially  related  to  the 
oscillatory  behavior  mentioned  above  and  alto  to 
the  predicted  first  mode  bending  (16).  Although 
most  of  the  test  subjects  did  not  display  this 
resonance.  It  does  occur  in  a few  of  the  tests 
which  may  help  to  explain  soma  of  the  scatter 
observed. 

Damage  to  the  Pelvis  and  Femur  — Hany  of 
the  tests  involved  loads  above  10  kN,  with  only 
one  resulting  injury  (test  8OLIO3  resulted  in  a 
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Fig,  10  - Corridor  for  pelvis  impacts,  79A243-79A248 
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F8g.  11  - Trochanter  corridor  for  axial  knee  impacts,  79L081-79L092 
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Fig.  16  - Pelvis  corridor 
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Fig.  17  - Trochanter  corridor 


commgied  fracture  of  the  femoral  conoyies) . In 
this  regard,  tests  79*20it  to  79A208.  with  loads 
from  20  to  37  kN,  resulted  in  no  injury  to  the 
femur  or  pelvis.  Therefore,  with  respect  to 
setting  tolerance  levels,  the  indication  is  that 
either  much  higher  impact  velocities  (for  a 
given  mass)  than  have  been  used  in  these  tests 
must  be  considered,  or  else  other  factors  not 
addressed  in  this  study  influence  the  injury 
response  of  the  pelvis.  In  thete  tests,  the 
subject's  initial  configuration  was  held 
constant  and  the  impactor  padding,  mass,  and 
initial  contact  velocity  were  varied.  Possibly, 
the  tolerance  level  could  be  i.iflueneed  by  the 
orientation  of  the  pelvis  and/or  faawr  before 
contact.  In  addition,  no  censidaratien  was 
given  to  the  interaction  of  the  pelvis  with  a 
seat,  which  could  be  an  important  factor  given 
the  complexity  of  the  pelvis  response  shown  In 
this  study.  Therefore,  the  infonsation 
generated  in  these  knee  isipaet  tests  cannot  bn 
used  to  tec  tolerance  levels  in  and  of 
themselves.  The  complex  nature  of  the  response 
and  the  scatter  between  test  subjects  emphasize 
the  difficulty  of  this  task. 


LATERAL  IMPACTS 

The  response  of  the  pelvis  under  dynamic 
lateral  loads  reouires  the  description  of 
several  material  bodies:  the  isdwetor,  the 
femur,  th:  soft  tissue  and  the  pelvis.  The  ball 
and  socket  nature  of  the  interface  of  the 
acetabulum  and  the  head  of  the  feaajr  as  well  as 
the  difficulty  of  iaipaeting  through  the 
effective  center  of  mass  of  the  pelvis-^emur 
complex  suggest  that  in  general  an  Instability 
will  result  as  asymaetric  loading  of  the 
acetabulum  occurs  during  impact.  This  type  of 
interaction  as  well  as  the  affects  of  daauge 
produced  during  loading  can  lead  to  a wide  range 
of  responses.  In  this  regard  the  sceeleremater 
mounting  platform,  which  is  anchored  to  the 
pelvis  through  the  use  of  lag  bolts,  nay  add  to 
the  lateral  stiffness  of  the  pelvis  by  reducing 
the  differential  movement  between  the  two  coxal 
banes  during  impact,  and  eenseduently 
simplifying  the  gross  whole  body  motion  of  the 
pelvis.  However,  although  the  degree  to  which 
the  aceeleromter  plate  stiffens  the  pelvis  it 
undetermined.  No  damage  was  observed  as  a 
result  of  the  lag  bolts  indicating  that  the 
accelerometer  platform  was  net  a significant 
load  path.  The  tests  represented  in  Tables  6 
and  9 describe  the  results  of  lateral  acetabulum 
loadings  through  the  trochanteric  area.  Only  in 
test  80LI2I  was  the  pelvis  loaded  directly  near 
the  iliac  crest.  The  force  tiowhistory  from 
these  tests  can  be  described  in  a manner  simi iar 
to  thst  of  tests  79A243  through  79A2<»8  (Table  5) 
and  791.081  through  791.090  (Table  7)  using  the 
same  event  markers.  The  peak  forces  for  the 


tests  ranged  from  3 to  19  kh  with  durations  from 
30  to  50  ms. 

Table  6 summari  es  the  three-dimensional 
motion  for  the  pe  'is  of  82E008,  82E026,  and 
82E049.  In  these  tests  the  direction, 
magnitude,  phasing  and  waveform  of  the  motion 
descriptors  obtained  from  the  nine  accelerometer 
analysis  did  not  follow  a consistent  pattern. 
These  differences  occur  primarily  in  both 
angular  acceleration  and  linear  accelerations  in 
those  directions  perpendicular  to  the  impactor 
antion.  Examples  are  Figures  IS  and  19  for 
B2E049,  and  Figures  20  and  21  for  82E028.  Soth 
the  linear  and  angular  variables  differ 
significantly  during  the  El  to  E2  interval  even 
though  the  gross  overall  motion  as  obtained  from 
both  the  nine  accelerometer  analysis  and  the 
high-speed  atovies  are  the  same.  Variables 
representing  this  trend  are  the  relative 
megnitude  and  phasing  of  the  resultant  and 
principal  direction  acceleration  for  tests 
6OLO95  to  8OLI37  (depicted  in  Table  9),  with  no 
clear  relation  between  peak  force  and 
acceleration  as  wall  as  when  it  will  occur  In 
the  forea  time  history.  This  is  consistent  with 
the  results  from  the  acceleration  data  presented 
in  (10).  Figure  22  depicts  some  of  the 
wavefones  observed  in  these  tests. 

The  response  of  the  pelvis  to  impact  it 
eeavJIcated  net  only  by  dynamic  instabilities  of 
the  femur-pelvis  complex,  but  also  by  the 
variability  between  subjects.  Since  load  is 
distributed  to  the  pelvis  through  both  soft 
tissue  and  the  faaeir,  variations  in  these 
physical  as,>3ets  between  subjects  can  lead  to 
varied  stress  levels  on  the  acetabulum  for  a 
given  lapaet  force.  For  those  subjects  with 
large  aanunts  of  soft  tissue,  a longer  El  to  E2 
interval  was  obsssrved. 

Because  of  the  complex  nature  of  the 
response  of  the  pelvis  to  lateral  impacts,  it 
bacomas  difficult  to  generate  a transfer 
function  for  these  experiments.  However,  for 
loma  tests  in  which  a triax  was  used  a transfer 
function  could  bo  obtained  thst  generated 
SMChanical  iaipedance  values  significantly  less 
than  these  calculated  for  the  two  directions 
nensal  to  the  principal  direction  above  10  Hz. 
In  addition  a transfer  function  was  generated 
from  the  tangentai  aceelaration  for  those  tests 
in  which  the  nine  accelerometer  plate  was  used 
(Figure  23),  The  transfer  function  shows  that 
in  these  tests  for  low  frequencies  (from  10  to 
kO  Hz)  the  pelvis  behaves  as  a mass  of  about  25 
kg  indicating  that  the  gross  overall  motion  of 
the  pelvis  may  be  simply  modeled. 

Damage  — The  pelvic  bone  damages  observed 
in  these  tests  are  similar  to  those  observed  in 
the  automotive  environsicnt  as  reported  in  (1*5); 
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Fig.  18  - Test  82E049 
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Run  ID;  82E028 
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Fig.  20  - Test  82E028 
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Run  ID;  82E028  H7 
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Fig.  21  - Test  82E028 
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Fig.  22  - Pelvis  impact  response 
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ho««ever , no  bilateral  fractures  occurred.  The 
cofflolex  nature  of  the  rexponse  of  the  pelvis  to 
lateral  loads  may  preclude  the  determination  of 
a single  tolerance  criterion.  This  it  arrived 
at  by  comparing  the  results  in  Tables  U end  9 as 
well  at  the  above  discussion.  In  this  regard, 
peak  force  does  not  relate  to  the  damage 
produced.  This  is  believed  to  be  a result  of 
the  interactions  of  the  padding,  impaetor 
surface  shape,  and/or  the  soft  tissue  between 
the  impaetor  and  the  pelvis.  With  additional 
padding  and  soft  tissue  the  load  can  be 
distributed  over  a larger  area  of  the  pelvis, 
and  therefore  less  of  the  aval  table  impact 
energy  is  concentrated  on  the  acetabulum.  The 
siaxieiuai  force  tolerable  teems  to  increase  with 
an  increase  in  load-distributing  padding  for 
similar  available  impact  energy. 

Based  on  differences  in  the  initial 
conditions  of  the  tests  performed  at  HSKI  and 
those  oescribed  in  (10),  it  is  net  readily 
verifiable  that  peak  force  and  Impulse  are 
accurate  pelvis  injury  criteria.  The  test 
methods  described  in  (10)  employed  a subject 
seated  in  an  upright  position  and  lanwcted  by  an 
unpaddad  17,3  kg  impaetor  with  a hamlspher leal 
surface.  It  was  found  in  this  series  of  tests 
performed  at  HSRI  (Which  employed  an 
unconstrained  subject  and  flat  Impaetor  surfaea) 
that  variations  in  impaetor  padding,  mass,  and 
load  path  may  result  in  large  differanees  in  the 
peak  force  and  impulse  of  the  isipact  which  do 
not  necessarily  correspond  to  the  injuries 
produced.  Additional  test  parameters,  such  as 
subject  configuration,  also  affect  comparisons 
between  test  series  results  In  an  unknown 
manner.  For  example,  the  fact  that  in  one 
research  program  the  subject  is  seated  In  a 
fixed  position  may  result  in  subject-seat 
interactions  thus  producing  different  Injuries 
for  an  otherwise  similar  isipact. 


' CONCLUSIONS 

This  hat  been  a limited  preliminary  study 
of  some  important  kinematic  factors  and  damage 
modes  associated  with  indirect  leading  of  the 
pelvis  through  the  femur. 

Because  of  the  complex  nature  of  the 
pelvis-femur  interaction  during  an  impact  event, 
more  work  is  necessary  before  these  kinematic 
factors  can  be  generalised  to  describe  pelvis 
response.  However,  the  following  conclusions 
can  be  drawn; 

(1)  The  complete  description  of  three- 
dimensional  motion  is  invaluable  to  the 
understanding  of  pelvis  response. 

(2) 


subject  to  axial  knee  impacts  as  given  by 
mechanical  impedance  Is  linear  from  10  to 
100  Hz,  repeatable,  and  symmatric  (the  same 
for  each  t i de)  . 

(3)  The  complex  nature  of  the  response  of  the 
femur/pel vi s/sof t tissue  system,  between- 
xubjects  variability,  and  damage  patterns 
produced  may  preclude  the  determination  of 
a single  tolerance  criterion  such  as 
maxiSRjm  force  or  peak  acceleration 

response. 

(k)  Energy-abeerb i ng  and  load-distributing 
meterials  are  affective  methods  of 

tranemitting  graater  amounts  of  energy  to 
the  pelvis  without  daeuge  being  produced  in 
lateral  Impacts. 

(5)  The  nature  of  the  lsh>actor/femur/palvjs 
Interaction  as  well  as  the  biometrics  of 
the  population  at  large  are  critical 

factors  In  understanding  the  rcsponac  of 
the  pelvis  to  iaipaet  and  subsequent  damage 
patterne. 
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PELVIC  STRESS 


G.  S.  Nusholtz,  F.  S.  Kaiicer  uid  B.  R.  Suggitt 
Biomechanics  Division,  Transportation  Research 
Institute,  University  of  Michigan,  Ann  Arbor,  MI. 

Abstract"A  means  of  channeling  energy  throughout  the  pelvic  system  and 
dissipating  hazardous  stress  concentrations  at  the  acetabulum  is 
assessed  briefly  in  the  context  of  its  relevance  and  importance  in  the 
design  of  protective  devices.  Biooechanies  testing  simulated  stress 
concentrations  in  the  acetabulum  resulting  frcn  a blow  to  the  right 
trochanter,  as  commonly  occurs  in  recreational  aitd  passenger  contexts. 
The  findings  should  be  pertinent  for  madlcaS  caretakers  as  well  as 
safety  designers. 


UITKQUUCTZOK 

While  walking,  climbing,  running,  jumping  or  sitting,  man  is  at 
risk  for  pelvic  fracture.  Sports,  pedestrian,  and  passenger  victims 
hazard  a mortality  rate  around  i2%  (Parry,  I960),  ranging  between  30% 
for  closed  fracture  and  60%  for  opan  fracture  (Niami  and  Morton,  1985). 
Sven  minor  pelvic  fracture  may  have  dire  consaquanees : Spencer  and 

Lalanadham  reported  that  minor  fractures  of  the  inferior  or  superior 
rami  frequently  were  associated  with  loss  of  blood  and  unanticipated 
death  a few  days  later  ( Spencer ^and  Lalandhan,  1985).  Pelvic  fractures 
most  commonly  occur  at  the  acetabulum,  and  tba  pubic  rami.  The  sacro- 
iliac junction,  the  wing  of  the  iliia,  and  the  symphysis  are  also  sites 
of  fractures.  Lateral  inpact  to  the  hip  can  cause  injuries  to  the  soft 
tissues,  the  hip  joint,  the  pelvis,  and  the  contents  of  the  pelvic 
cavity — the  cecum,  sigmoid  colon,  urinary  bladder,  uterus  or  prostate 
and  major  blood  vessels  such  as  the  cannon,  internal  or  external  iliacs. 

A limited  number  of  biomachanical  studies  have  attempted  to  study 
pelvic  impact  trauma  under  laboratory  conditions.  One  of  the  earliest 
of  these  studies  (Evans  and  Lissner,  1955),  consisted  of  ispaets  to  the 
denuded  pelvis  in  the  inferior-superior  direction.  Although  no  fracture 
tolerance  data  were  obtained,  it  was  concluded  from  this  study  that  the 
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pslvis  exhlbitad  ttlastic  behavior  and  £2d.lad  due  to  tensile  stresses  in 
various  structural  members.  Ten  years  later  a study  of  the  behavior  of 
the  loiee-femur-pelvis  con^lex  in  an  ii^pact  environment  was  reported 
(Patrick  at  al.,  196S).  In  this  series  of  tests,  an  is^ct  sled  was  used 
to  apply  femoral-amis  ispacts  to  the  knee  of  Mbalmeri  cadavers.  The 
lowest  applied  load  found  to  cause  pelvic  injury  was  7.1  kN,  and  loads 
ranging  from  6.5  kK  to  17  kN  were  found  to  cause  multiple  fractures  of 
the  pelvis.  It  was  saggastad  that  a maxiamni  £eree - criterion  (of  about 
6.2  kK)  should  be  the  threshold  len^  £or  injury  of  the  patella/famur/ 
pelvis  candles.  A similar  study  using  tnfsmhalmed  cadavers  reported  that 
a single  pelvic  fracture  occurred  at  an  applied  load  of  about  20  kK, 
however  loads  to  26  kK  were  applied  with  no  resulting  pelvis  injury 
(Melvin  and  Kusholtz,  19B0). 

The  goal  of  a hlBBechanica)  study  of  pelvic  impact  in  an  automotive 
environment  was  to  siqpply  data  for  the  design  of  side  deer  padding 
(Cesari  et  al.,  1976,1980).  The  p^vls  bf' the  cadaver  was  impacted 
laterally  axtd  the  f oree/in jury  relationships  were  otaarved.  it  was 
suggested  from  this  study  that  pelvic  response  to  1 apart  is 
characterized  by  velocity  of  .impact,  nasimum  force,  and  ii^ulse. 
Admissible  force  tolerance  for  females  ;«as  documented  as  5-7  kK  and  for 
males  as  10-13  kK.  These  studies  essentially  ebaraetarizad  pelvic 
injury  tolerance  using  maximum  force  and  impulse  indicators. 

Optimization  of  a prophylactic  for  palvie  fracture  requires  an 
understanding  of  the  kinematics,  strass  concentrations  and  energy  paths 
of  the  pelvis  under  blunt  impact  conditions.  Because  potential  injury 
types  and  sites  are  multiple,  it  is  unlikely  that  a successful  pelvic 
protection  criterion  will  consist  of  a single  parameter  (Kaffner,  1985). 
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It  is  more  likely  that  multiple  parameters  can  be  identified  which  will 
be  globally  predictive  of  fracture  tolerance.  Hopefully,  such  multiple 
protective  parameters  would  also  be  protective  of  the  contents  of  the 
pelvic  cavir/  (Baffner,  1985).  To  date,  biomechanics  research  has 
provided  sparse  quantification  of  the  stress  response  of  the  pelvis  to 
blunt  lateral  impact  (Alcm  et  al.  1978;  Ashton,  1981;  Bnm-Cassan  et 
al.,  1982;  Calderale  et  al.,  1979;  Casari  and  Kamet,  1982;  Casari  et 
al.,  I960;  Baffner,  1985;  Kwidsen,  1981;  Husheltz  et  al.,  1982;  Barnet 
and  Casari,  1979). 

To  investigate  the  kinematic  and  injury  remans#  of  the  pelvis  in 
impact  environments,  a series  of  tests  iztwolvlng  indirect  impacts  to  the 
pelvis  have  boon  conducted  by  the  bionechanics  unit  of  the  Biosciances 
Division  at  the  Oniversity  of  Michigan  Transportation  Beaearch  Institute 
(ISfXRZ)  which  are  the  precursor  oRpariaents  for  the  tests  being 
presented  in  this  article,  (Rosholtz  et  al.,  1962).  The  tests  were 
conducted  using  imawha lined  cadavers  and  two  types  of  impact  facilities: 
a pendulum  ispactor  and  a pneoMtie  Impertor.  Indirect  leads  were 
delivered  to  the  acatal^uB  of  the  pelvis  by  ispaeting  the  femur  either 
axially  at  the  knee  or  laterally  above  the  greater  trochanter.  This 
allowed  loads  to  be  delivered  to  the  acetabulum  in  either  antorior-to*’ 
posterior  or  right-to-laft  directions.  The  cadavers  were  instrumented 
to  measure  pelvic  triaxial  accelerations  in  all  tests,  idiile  in  some 
tests  three-dimensional  motion  of  the  pelvis  was  recorded  with  nine 
accelerometers.  Additionally,  triaxial  accelerations  of  the  f«ur  and 
thoracic  vertebrae  T8  were  measured.  Photographic  targets  on  the  pelvis 
and  femur  were  used  for  photokinemetric  analysis  of  motion  due  to  the 
impact.  The  conclusions  wore: 
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(1)  Conflate  description  o£  tbree-dioensional  motion  is  invaluable  to 
the  understanding  o£  the  response  oi  the  pelvis. 

(2)  The  native  o£  the  impactor/temur /pelvis  interaction,  as  well  as  the 
biranetrics  o£  the  population  at  large  are  critical  £actors  in 
understanding  the  response  o£  the  pelvis  to  impact  and  subsequent 
damage  patterns.  A fundamental  source  o£  variability  in  the 
kinematic  response  o£  anatoateal  structures  such  as  the  ttmir  and 
pelvis  during  lateral  IspacT  appears  to  originate  in  the  shape  o£ 
the  hip  joint,  because  during  iapast  the  rotation  o£  the  facBral 
head  in  the  acetabulum  is  an  unpredictable  function  of  the 
geometries  r the  degi^  of  entrapaeot  of  the  proximal  femur  by  the 
padded  strikar,  and  the  pryulatinn  vaciatioi^  in  soft  tissue 
thic)cncss  and  distribution  (Baffner.^  1985). 

(3)  The  cooplex  nature  of  the  response  of  the  fmr/pelvis/soft  tissue 
syst«,  beteeen~subjects  variability*  and  resulting  damage  patterns 
may  preclude  the  deteminatien  of  a aingla  tolerance  criterion  such 
at  maxtnan  force  or  peak  aeeelaration  tasponse. 

<4>  in  lateral  ii^aets,  eaargy-absorfalag  and  load^sttibuting 

materials  are  effective  methods  of  transmitting  greater  amounts  of 
energy  to  the  pelvis  without  damage  being  produced. 

The  work  being  r ported  in  this  article  continued  the  UMIRl 
investigation  of  the  rasults  of  indirect  impacts  to  tha  palvis  by 
ispacting  laterally  above  the  trochanter  (Husholtz  et  al.,  19B2).  The 
goal  of  the  test  series  was  to  investigate  the  relationship  between 
maximum  impact  force  mediated  by  padding  and  resultant  skeletal  tissue 
damage  caused  by  lateral  blunt  inpaet  to  the  pelvis  of  the  unembalmed 
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human  cadaver*.  It  was  t:Ypotbcsizad  that  in  lateral  impacts  to  the 
pelvic  area,  the  major  loading  would  be  through  the  £aour  and  careful 
padding  of  the  impactor  surface  could  profoundly  affect  the  force  tiffle°> 
history.  The  injury  response  of  the  pelvis  and  its  relationship  to 
maximum  force  is  presented  to  indicate  the  difficulty  of  determining 
stress  occurring  in  the  pelvis  under  Impart. 

ANATCMICAL  COKSIDERATIOHS 

^e  bony  pelvis  (Figure  1)  consists  of  tue  large,  flat  irregular 
shaped  hip  bones  that  join  one  another  at  the  pubic  syt^hysis  on  the 
anterior  midline.  Posteriorly,  the  «*adge  sh^ed  sacrum  ceoplctes  the 
pelvic  ring  forming  a relatively  rigid  structure. 

In  the  adult,  each  hip  hone  is  feemed  toy  the  fusion  of  three 
s^>arate  bones,  the  ilium,  ischium,  and  pubis,  ehieb  join  at  the 
acetabulum.  The  ilium  fonts  the  broad  ^9per  lateral  part  of  the  hip 
bone  and  the  upper  portion  of  the  eeetabalta.  Its  curved  edge  is 

the  iliac  crest.  The  ischium  forms  part  of  tha  acetatonlom  end  has  a 
superior  ramus  that  ends  balow  in  tha  ischial  tubarosity.  From  there 
the  inferior  ramus  ascends  to  join  wltb  the  inferior  semus  of  the  pubic 
bone.  Together  this  ber  of  bone  is  frequently  referred  to  as  the 
ischio-pubic  ramus  or  Inferior  pubic  ramus.  The  pubic  bone  forms  the 
anterior  third  of  the  acetabulum.  Fren  hare  the  si^arior  pubic  ramus 
passes  to  the  midline  where  it  joins  its  fellow  of  the  apposite  side 
through  the  pubic  syu^hysis.  Below,  the  inferior  pubic  ramus  joins  tha 
inferior  ischial  ramus.  The  posterior-lateral  bony  palvis  is  covered  by 

* The  protocol  for  the  use  of  cadavers  in  this  study  was  approved  by  the 
University  of  Michigan  Medical  Center  end  followed  guidelines 
established  by  the  U.S.  Public  Health  Service  and  those  recoamanded  by 
the  National  Academy  of  Sciences,  National  Research  Council. 
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multiple  thick  muscle  layers,  buttock  tat,  and  skin.  Zhe  iliac  crest  is 
relatively  tree  ot  heavy  musculature.  The  rounded  bead  ot  the  femur 
articulates  with  the  acetabulum  and  is  held  within  the  socket  by 
capsular  ligaments.  l.aterally,  on  the  upper  femur,  is  a large  bony 
prominence,  the  greater  trochanter,  for  the  attachment  of  muscles. 

MEOC3B 

The  exertion  and  coordination  of  the  testing  sequence  was  guided 
by  the  use  of  a detailed  protocol.  The  testlxig  sequence  is  outlined 
below  and  additional  inferaatien  about  a^lieation  of  specific 
techniques  is  available  elsoiAere  (Musholtz  et  al.,  19B2,  1964). 

Design  - Fores  was  the  parameter  selected  to  describe  the  dynamic 
kinematics  of  the  ImEafft.  The  impacting  surface  was  padded  with  a 
conqposite  of  materials  to  ^stribne  the  load  ever  the  impacted  side  of 
the  pelvis.  Pre-test  pbotcgcaphs  ware  taken.  Injury  was  assessed  by 
gross  autopsy. 

Striker  padding.  The  padding  for  the  striker  consisted  of  a 
composite  of  aatarial|  designed  wrap  around  the  hip  and  lag  during 
Ispact.  Basically  it  was  a sandwich  of  2.5  qs  SnsolitOf  2.5  cm 
Styrofoam,  and  2.5  Bnsolite  with  wings  composed  of  2.5  od  Snsolite.  See 
Figure  2 which  illustntes  the  padding  in  position  on  the  striker  and 
the  entrapment  of  the  pelvis-femur  during  impart. 

Subjects  - Four  unembalaed  male  cadavers  were  obtained  by  UMZRZ  from 
the  University  of  Michigan  Medical  School  D^artment  of  Anatomy. 
Following  transfer  to  UHTRZ,  the  cadavers  were  stored  at  C until 
subsequent  use.  The  cadavers  were  sanitarily  prepared  and  measured 
(Reynolds  et  al.,  1978,  Snow  and  Reynolds,  1976).  The  cadaver  was  also 
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examined  radiologically  prior  to  the  installation  of  aeeelarooater 
hardware. 

Each  subject  was  suspended  by  a body  harness  and  an  overhead  pulley 
system  seated  on  a block  of  balsa  wood.  Lateral  pelvic  impacts  were 
delivered  by  a 20  Kg  mass  ballistic  iJi^ctor.  The  target  area  for  the 
center  of  the  impact  for  all  impacts  wu  8 cm  anterior  to  trochanterion 
on  the  right  hip.  Three  subjects  received  a tingle  iopact  while  the 
fourth  received  triplicate  lateral  pelvic  impacts  to  the  same  hip. 
Equipment  - The  basic  test  eqnipBMnt  iadudat  a timing  cootrol  device,  a 
signal  conditioning  unit  for  the  terea  signal,  tte  camwn,  cameras, 
photographic  lights,  and  a restraiat  (a  hoist  system). 

Cannon.  The  paeusmtic  impact  desriee  (Figure  3),  cenaists  of  an  air 
reservoir  which  is  connected  to  a honed  steel  cylinder.  A driver  piston 
is  propelled  down  the  cylinder  by  the  prassarixed  air  in  the  reservoir. 
The  driver  piston  contacts  a striJcac  piston  which  is  fitted  with  e 
piezoelectric  eccelefumeter  and  a piasoeleecric  load  washer  to  allow  the 
deteralnetion  of  acceleraticP" cowpen sated  eentaet  loads  i^liad  to  the 
test  subject.  The  smss,  velocity’,  and  stceke-  of  tha  striker  piston  can 
be  controlled  to  provide  the  desired  impact  conditions  for  e particular 
test.  For  the  tests  being  reported  here,  a 20  kg  mass  was  salactad. 

The  velocity  of  the  Impacmr  is  swesurad  by  timing  the  pulses  frcn  e 
magnetic  probe  which  senses  the  motion  of  targets  on  the  impactor  at 
1.3  cm  intervals. 

Data  Handling.  All  force  tima»biscarias  were  recorded  unf liter ad 
on  a Honeywell  7600  FM  Tape  Recorder.  The  analog  data  on  the  FM  tapes 
were  played  back  for  digitizing  through  proper  anti-aliasing  analog 
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filters.  Th*  analog-to-digital  process  for  all  data,  results  in  a 
digital  signal  sampled  at  6400  Hz  equivalent  sas^ling  rate. 

RESULTS 

The  table  presented  below  represents  tbe  data  considered  most 
pertinent  in  discussing  tbe  test  results.  ^The  issues  of  lateral  pelvic 
ispact  tolerance  are  conplez  in  tbeir  teeboical  details,  but  they 
nonetheless  focus  on  a reasonably  single  centr^  problem:  understanding 

the  factors  necessary  to  cause  injury  to  the  pelvis  understanding 
the  mechanism  of  injury.  A nasdier  of  preeadures  and  ta^aiques  have 
been  utilized  to  undarstaiui  natural  pheniMwna  in  the  scientific  arena. 
Two  of  the  most  coosonly  used  era  the  direct  and  indirect  methods.  The 
direct  approach  usually  starts  with  first  principles  .ax^  then  attempts 
to  derive  the  basic  laws  -governing  the  pheneaena  of  interest.  One 
direct  approach  is  to  asstsae  that  the  pbcnoBwna  under  study  (in  this 
case,  the  pelvis  ) can  he  characterised  -by  ainiskizing  the  Lagrange 
density  L which  is  a fuqetion  of  the  ^Independent  variable 
( coordinates , velocities,  potaatiald,  gradients,  field  amplitudes,  etc.) 
of  the  system  and  the  derivatives  of  these  iwiables  with  respect  to  the 
'integration  that  is  to  be  minimized. 

£■ 

One  such  direct  method  characterization  would  be  the  equation  for 
governing  the  behavior  of  an  elastic  medium  under  its  own  restoring 
force. 
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div  grad  ip«p(x,y,z)  k(x,y,z)dd  »P/dtdt,  (2) 

k(x,y ,z)“l/(y(x,y  ,z)+2*u(x,y  ,z)) 

Where  u rs  the  shear  modulus  of  the  medium  and  yr2/3u  is  its 
compressive  modulus.  An  example  of  this  direct  ^iproacb  would  be  to 
cos^te  the  velocity  and  displacement  of  the  medias  under  impact  given 
the  density  p(x,y,z)  and  the  elastic  modulus  k(x,y,z). 

In  contrast,  it  may  be  possible  indirectly  through  the  use  of 
strain  gauges  and  accelarcDeters 'to  measure  the  velocity,  displacement, 
and  acceleration  whan  the  elastic  modulus  is  the  unknown.  Indeed,  in 
the  case  of  the  pelvis,  which  is  inhdsngeneDus,  the  elastic  modulus 
varies  from  point  to  point.  A more  realistic  problM  then  is 
determining  k(x,y,z)  from  the  displaenant  field  which  is  is  an  exaarale 
of  an  inverse  problem  using  the  indirect  method.  Utilizing  measurable 
quantities  obtained  in  laboratory  aj^erimants  ei^loys  the  indirect 
method.  One  -parameter  in  impact  hinmachanlrs  aamcnly  addressed  through 
the  indirect  method  is  the-^laranea  level  mr  failure  criteria.  Ii^iact 
e^eriments  such  as  the  ctias  prasantad  bare,  swasure  the  force  time- 
history  and  then  atteapt  to  datazoine  -tolerance  in  terms  of  this 
variable.  Bowavar,  the  indirect  method  requires  a considerable  amount 
of  time  and  effort  in  the  labchretory.  f^beadures  may  vary  from 
laboratory  to  laboratory  and  for  complaz  ^ancmana,  such  as  pelvic 
is^ct  response,  assunptions  have  to  be  made  to  sia^lify  the  problem. 

To  determine  the  failure  criteria  of  the  pelvis  for  lateral 
islets,  a considerable  number  of  variables  need  to  be  addressed.  The 
anatomical  structures  are  inhomogeneous  with  complex  geometry,  and  other 
structures,  such  as  the  femur  and  soft  tissues,  intervene  between  the 
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unpactor  and  the  acetabulum.  The  pelvis  is  a dedotmable  object  that 
rarely  makes  direct  contact  with  the  impacting  surdace.  In  most  lateral 
impact  environments  there  are  two  basic  load  paths  into  the  pelvis,  one 
through  the  iliac  wing  and  another  through  the  acetabulum  via  the  demur. 

Although  other  quantities  such  as  maaimun  strain,  mxinnnn  strain 
energy,  and  maximum  distortion  are  used  to  specify  the  failure  criteria 
od  solid  materials,  a maximum  stress  value  is  popularly  used.  A first 
approximation  to  finding  maxtnnini  strass  is  to  utilize  maximum  ispact 
force  as  a failure  criterion  for  a ane**dimensioaal  ease,  assuming  that 
failure  occurs  near  force. 


o-f/e 


(3) 


Where  f is  the  force  and  a is  the  effaetiva  contact  area  of  the 
famur  with  the  pidvis.  S>en,  for  a given  inpaet,  the  failure  criteria 
can  be  defined  in  terms  of  maxlamm  force.  If  the  contact  surface  is 
such  that  it  is  a weak  function  o'f  initial  condition  and  force  time- 
history,  e.g.,  the  effective  contact  area  has  reached  a maximum,  the 
soft  tissue  is  not  an  effective  energy  absorber,  and  the  force  is 
transmitted  directly  to  the  pelvis,  then  maximum  force  is  directly 
related  to  maximum  stress  and  might  be  used  as  a failure  criterion. 
Cesari  and  Ramet  (1982)  have  proposed  that  a 10  kN  (3  ms  clip)  peak 
force  dor  males  and  a l kN  (3  ms  clip)  peak  force  for  females  would  be  a 
reasonable  fracture  tolerance  level  for  lateral  ispacts  in  the  pelvis 
without  loading  the  wing  of  the  illium.  However,  they  have  pointed  out 
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the  efficacy  of  using  a different  stress-related  variahle  instead  of  raw 
force  for  a specific  type  of  fracture.  They  hypothesized  that  many 
lateral  pelvic  fractures  were  the  result  of  excess  bending  stress  in  the 
pubic  rami.  They  cooputed  moments  of  inertia  and  used  the  formula: 


0«f*d/ (X^y) 


U) 


Where  d is  the  characteristic  mcnent  and  I/y  is  the  area  SBOwnt  of 
inertia  divided  by  the  offset  fron  the  neutz^  axis.  They  «iare  able  to 
correlate  fracture  force  and  aoaMnts  of  inertia.  This  then  iaproved 
their  correlation  coefficient  between  calealated  stress  and  fracture. 
Additional  efforts  have  bean  made  to  base  a fracture  criterion  on  an 
acceleration.  Toward  this  iad  Haffner  (1985)  based  on  the  work  of 
Musholtz  et  al.  (1962)  eanktruetod  a one-diawisional  linear  lua^>ed- 
parameter  model  as  shewn  In  Figure  4.  Mass  1 is  associated  with  the 
structure  side  upper  mass,  and  Mbss  2 is  associated  with  the  pelvic  mass 
upon  which  the  pelvic  acceleroBeter  is  attached.  They  cautioned  that 
the  model  is  not  to  be  taken  as  a literal  model  but  as  a useful  device 
for  prediction  of  pelvic  stress  along  the  lines  of  others  (Haffner,  1985 
and  Nusholtz  et  al.,  1982).  Although,  this  seems  to  be  a useful  method 
of  producing  a fracture  tolerance  criterion,  the  limited  data  preclude 
determining  the  method's  predictive  value  over  peak  force. 

The  relationship  between  acceleration  and  force  and,  therefore, 
potentially  between  stress  and  acceleration  can  be  envisioned  by  the 
assunption  that  the  motion* during  impact  to  the  pelvic  area  (to  which 
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the  accelerometers  are  attached)  is  that  o£  a rigid  body  undergoing  one** 

dimensional  motion.  It  has  been  pointed  out  (Husholtz  et  al.,  1982)  that 

a complete  three-dimensional  description,  consisting  of  three  linear 
translations  and  three  angular  rotations,  is  invaluable  in  determining 
the  response  of  the  pelvis  to  blunt  lateral  impact.  This  is  a result  of 

the  ball  and  socket  nature  of  the  interface  of  the  acetabulum  and  the 

head  of  the  femur,  as  well  as  of  the  difficulty  of  ia^acting  through 
the  center  of  the  mass  of  the  pelvis-feonr  coo^laa.  This  type  of 
geometry  will  result  in  asymnetr^  loading  of  the  pelvis  and  will 
produce  a wide  range  of  responses  for  a given  ii^aet.  Therefore,  for 
small  deformations  of  the  pelvis,  it  is  more  reasonable  to  assume  that 
the  acceleration  motion  of  any  given  point  on  the  pelvis  sufficiently 
far  from  the  impact  point  cm  be  described  using  the  following  equation. 


X ■ A'+w  w'' (■>♦•(  dw  / d t ) 


(5) 


Where  X is  the  acceleration  of  a given  point  on  the  pelvis,  A is  the 
acceleration  of  the  cantor  of  mass,  w is  the  angular  velocity  of  the 
pelvis,  dw/dt  is  the  angular  acceleration  of  the  pelvis,  and  r is  the 
radius  vector  of  the  center  of  mass  to  the  point  of  interest.  A one- 
dimensional  model  would  give  only  a rough  approximation  of  the  stress 
produced  during  impact.  A better  i^roximation  would  have  the  stress  in 
the  pelvis  as  a function  of  the  forces  F(x,y,z)  and  torques  N ( (3  , 0 , A ) as 
well  as  the  point  of  interest  X on  the  pelvis. 
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0-F(F[x,y,2]  ,N[  U,  e.A  ],X) 


(6) 


In  addition  to  the  three>diswnsional  motion,  the  pelvis  is  con^sed 
of  inhomogeneous  materials  and  is  strain  rate  sensitive  as  well  as  non- 
linear in  response.  Therefore: 


E«F(  o,X,t) 


(7) 


Where  £ is  the  strain  of  any  -given  point  on  the  pelvis.  The  motion  of 
any  point  on  the  pelvis  would  then  -be: 


Xi-*-Ai«w^w''r'>(dw/dt)''  r+ttdR(E) /dt^ 


(8) 


Where  R(E)  is  the  displacMsent  vector  of  the  point  of  interest  from  its 
equilibrium  position.  Prom  the  above  discussion,  it  would  seem  that  the 
application  of  the  indirect  method  to  determining  fracture  tolerances  or 
maximum  stress  needs  to  address  to  some  degree:  the  number  of  initial 
positions  that  can  occur  between  the  pelvis  and  the  fesur,  the  three- 
dimensional  motion  of  the  pelvis  and  the  femur,  and  the  response  rate- 
sensitivity  of  the  pelvic  structures. 
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This  would,  in  part,  than  explain  the  differences  seen  in  the 
results  of  Nusholu  et  al.,  1982;  Cesari  and  Raaet,  1982;  Cesari  et  alo, 
1978  and  1980.  Nusholtz  et  al.,  (1982)  observed  for  an  impact 
experiment  using  a flat  rigid  striking  surface  which  loaded  the 
acetabulum  through  the  fecnir  that  the  fracture  level  was  approximately 
7 kM.  Since  the  nuo^er  of  parameters  that  need  to  be  controlled  in 
lateral  impact  are  numerous,  small  differences  in  ei^erimental  technique 
can  lead  to  significant  differences  in  results.  The  possible  reasons  for 
the  differences  between  these  two  laboratories  are: 

1.  The  iiBpactor  used  by  Nusholta^  et  al.,  (1982)  was  56  kg  instead 
of  the  17  kg  used  Iv  Cesari  and  Barnet  (1982),  and  Cesari  et 
al.  (1978  and  1980).  If  stsais>rate  is  a factor  in  impart 
response,  then  the  ed^et^Aents  perfecndff  by  Nusholtz  et  al., 
(1982)  would  have  had  a higher  frequency  contact,  and, 
therefore,  a higher  strain-rate  effect.  This  may,  in  part, 
explain  why  Nusholtz  et  al.,  (1982)  obtained  a greater  na^er 
of  acetabular  ffactures. 

2.  Striking  the  fettir  with  a heml  spherical  impactor  permitted  it 
to  slide  under  the  impepCtor,  allowing  greater  loads  to  be 
transmitted  directly  to  the  pelvis. 

3.  Nusholtz'  (1982)  test  subjects  were  suspended  in  the  air  and 
struck  during  free  fall.  Cesari 's  were  seated.  The  per  se 
effect  of  seating  on  the  response  is  undetermined.  However,  it 
seems  reasonable  to  assume  that  for  a short-duration  (high 
frequency)  force  time-history,  this  would  not  have  an  effect. 
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li  tb*  above  discussion  is  accurate  in  its  characterization  of  the 
pelvis,  then  it  would  seem  desirable  to  design  an  experinent  that  would 
increase  the  necessary  load  to  fracture  by: 

1)  Increasing  the  loading  area. 

2)  Decreasing  the  strain-rate  by  decreasing  the  high-frequency 
consonants  of  the  force  tine-history. 

3)  Reducing  the  angular  acceleration. 

The  special  padding  used  in  these  a^^erlnents  enabled  the  femur  to  be 
trapped  and  reduced  the  angular  motion  associated  with  the  fenur-pelvie 
instability  of  the  femur-pelvis,  eliminated  any  concentrated  loading  by 
utilizing  the  entire  surface  of  the  iapactor  as  * load  path,  reduced  the 
rate  of  onset  of  the  force  time-history,  and,  thus,  reduced  the  high 
frequency  ceoponents  of  the  force  time-history.  Because  of  the  effects 
of  the  padding,  large  forces  ware  generated  without  fracture.  This 
supports  the  rasults  of  others  (Melvin  and  Musholtz,  1980  and  Husholtz 
et  al.,  1982)  in  idiich  the  iasortanee  of  protective  padding  was 
aephasizad. 

CONCLUSZOKS 

In  consarison  to  the  results  of  others  (Rusholtz  et  al.,  1982  and 
Cesari  and  Ramet,  1982,  and  Cesari  at'al.,  1980,  1978),  the  pertinent 
observations  of  the  e^eriments  being  reported  in  this  article  are  that 
relatively  large  forces  can  be  generated  without  fracture  (26  kH)  and 
that  whan  the  fractures  do  occur,  they  are  associated  with  a force  of 
45  kN.  In  addition,  the  damage  pattern  changed  from  near  (and 
ixxcluding)  the  acetabulum  to  near  (and  including)  the  pubic  area. 

AS  is  usual  in  this  type  of  e^^eriment,  more  questions  were 
generated  than  answered.  Some  of  these  are: 
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1. 


Hhat  paraaetsr  or  set  o£  parameters,  tbat  can  be  measured  in 
tbe  laboratory,  can  be  used  as  a predictive  measure  of  or 
of  pelvic  tolerance  for  a given  area  of  the  pelvis? 

2.  Since  large  forces  can  be  created  without  inducing  pelvic 
trauma,  what  advantage  is  this  for  the  individual  (such  as  an 
automobile  occupant  or  sports  player)  who  may  be  subject  to 
blunt  io^ct? 

3.  How  important  is  strain-rate  to  pelvic  tolerance,  and  is  this 
the  factor  that  dontrols  the  fracture  site  on  the  pelvis  when 
the  pelvis  is  loaded  laterally? 
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Figure  I 
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Figures  2 and  3 
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Figure  4 
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Fi<Ture  Captions 


1.  Skeletal  Structure  of  Pelvis  and  Femur  in  Initial  Test  Position 

2.  Initial  Conditioning  and  Padding 

3.  Pneumatic  Impact  Device 

4.  Acceleration  Fracture  Criterion  Model 
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